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PREFACE 
The Resources and Environment Area (REN)  of  IIASA is  d e a l i n g  
wi th ,  among o t h e r  problems, p o l l u t i o n  o f  wa te r  r e sou rces  caused 
by a g r i c u l t u r a l  a c t i v i t i e s .  For example, n i t r a t e  p o l l u t i o n  of  
w a t e r  r e sou rces  i s  very  dangerous i n  many w a t e r  supply  r eg ions .  
I n  A p r i l  1980, an e x p l o r a t o r y  s tudy  on nonpoint  n i t r a t e  p o l l u t i o n  
of municipal  water supply  sou rces  w a s  i n i t i a t e d  as a c o l l a b o r a t i v e  
s tudy  between REN and s e v e r a l  i n s t i t u t i o n s  from t h e  IIASA Nat ional  
Member Organiza t ion  c o u n t r i e s .  The f i r s t  o b j e c t i v e  of  t h e  s tudy  
is t o  exp lo re  approaches  t o  a n a l y s i s  and c o n t r o l  of t h e  problem 
i n  ques t ion .  The second o b j e c t i v e  i s  t o  g e n e r a t e  a methodological  
o u t l i n e  focus ing  on t h e  i n t e g r a t i o n  of  t h e  most r e l e v a n t  r e s u l t s  
o f  t h e  exp lo ra to ry  phase.  Based on t h i s ,  t h e  o v e r a l l  d i r e c t i o n  
of  f u r t h e r  REN r e s e a r c h  can be e s t a b l i s h e d  more c l e a r l y ,  which 
is  t h e  t h i r d  o b j e c t i v e .  
This  paper summarizes t h e  work concerning t h e  f i r s t  two ob- 
j e c t i v e s  done a t  IIASA between A p r i l  and October 1980. The pa- 
p e r  i s  based most ly  on source  m a t e r i a l  k i n d l y  f u r n i s h e d  by t h e  
coope ra t ing  o r g a n i z a t i o n s  from t h e  NMO c o u n t r i e s .  I t  h a s  been 
s t r u c t u r e d  l a r g e l y  accord ing  t o  t h e  main t o p i c s  of  a r e l a t e d  
Task Force Meeting which w i l l  be  he ld  a t  IIASA i n  February 1981. 
I n  do ing  s o ,  t h e  paper  is  in tended t o  s e r v e  a s  a b a s i s  f o r  t h e  
d i s c u s s i o n  a t  t h i s  meet ing on t h e  a t t a inmen t  o f  t h e  s tudy  ob- 
j e c t i v e s  mentioned above. 
D r .  Janusz Kindle r  
Chairman 
Resources E Environment Area 
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ANALYSIS AND CONTROL OF NONPOINT ' 
NITRATE POLLUTION OF MUNICIPAL 
WATER SUPPLY SOURCES 
K.-H. Zwirnmann 
INTRODUCTION 
I n  many developed and developing r e g i o n s  throughout  t h e  
world,  a  s t e a d i l y  i n c r e a s i n g  demand f o r  water  i s  c o n f r o n t i n g  wa- 
t e r  supply and management agenc ies .  Water supply is u s u a l l y  
cons t r a ined  by n a t u r a l ,  t e chno log ica l ,  and economic c o n d i t i o n s .  
This  l i m i t  on t h e  q u a n t i t y  o f  water which can  be tapped grows 
more s e v e r e  because d e t e r i o r a t i n g  water  q u a l i t y  n e c e s s i t a t e s  even 
more complex u t i l i z a t i o n  c o n s t r a i n t s .  Operat ing wi th  t h i s  i n  
mind, r e g i o n a l  wate r  managers a t t empt  t o  s a t i s f y  d i f f e r e n t  supply 
i n t e r e s t s ,  e s p e c i a l l y  when t h e s e  i n t e r e s t s  c o n f l i c t  w i th  each other. 
I n  p a r t i c u l a r ,  t h e  competing i n t e r e s t s  o f  a g r i c u l t u r e ,  environ- 
ment, and municipal  wate r  supply develop i n c r e a s i n g  importance. 
For example, i n  r e c e n t  y e a r s  wa te r  supply agenc ie s  have become 
p r o g r e s s i v e l y  more concerned by h igh  n i t r a t e  l e v e l s  i n  municipal  
wate r  supply sources .  This  is because many s t u d i e s  c a r r i e d  o u t  
i n  s e v e r a l  c o u n t r i e s  ( i nc lud ing  some pursued a t  IIASA), show t h a t  
a g r i c u l t u r a l  nonpoint  p o l l u t i o n  sou rces  a r e  t h e  major cause  o f  
r a p i d  i n c r e a s e  i n  n i t r a t e  c o n c e n t r a t i o n s  i n  water  r e s o u r c e s ,  de- 
s p i t e  t h e  tremendous v a r i e t y  o f  n i t r o g e n  sou rces  i n  t h e  environ- 
ment which c o n t r i b u t e  t o  wate r  p o l l u t i o n .  
So f a r ,  r e s e a r c h  a t  IIASA r e l a t e d  t o  n i t r a t e  p o l l u t i o n  has 
been concen t r a t ed  rnainly - in  t h e  Task "Environmental Problems o f  
A g r i c u l t u r e "  o f  t h e  Resources and Environment Area. This  work 
d e a l t  i n  p a r t i c u l a r  w i th  agr icu l tu ra l -envi ronmenta l  p roces ses  
r e l a t e d  t o  c rop  produc t ion  and t h u s  provided i n s i g h t  i n t o  t h e  
impor tan t  r o l e  o f  a g r i c u l t n r e  i n  t h e  n i t r o g e n  c y c l e  (Golubev 
and Shvytov, 1 9 8 0 j .  Iforeover, t h e  r e sea rch  was concerned wi th  
modeling a g r i c u l t u r a l  nonpoint  sou rce  p o l l u t i o n  and ana lyz ing  
economic-environmental t r a d e o f f s  between t h e  i n t e n s i f i c a t i o n  o f  
a g r i c u l t u r a l  p r o d u c t i o n  and t h e  p o s s i b l e  d e t e r i o r a t i o n  i n  envi -  
ronmenta l  q u a l i t y  ( H a i t h ,  1980;  Gum and Oswald, 1 9 8 0 ) .  
Y e t  a n o t h e r  a s p e c t  o f  t h e  problem remains  t o  b e  c o n s i d e r e d ,  
t h a t  o f  w a t e r  s u p p l y  and management. The s p e c i f i c  concern  a b o u t  
n i t r a t e  p o l l u t i o n  o f  munic ipa l  w a t e r  supp ly  s o u r c e s  stems from 
t h e  h a z a r d  t o  p u b l i c  h e a l t h  caused  by t h e  t o x i c  e f f e c t s  o f  n i -  
t r a t e s  i n  d r i n k i n g  w a t e r .  On t h e  o t h e r  hand,  n i t r a t e  removal 
from w a t e r  s u p p l i e s  c a n n o t  b e  accomplished by u s i n g  c o n v e n t i o n a l  
t r e a t m e n t  p rocedures .  Consequent ly ,  t h e r e  is a  clear n e c e s s i t y  
t o  c l a r i f y  t h e  p o t e n t i a l  e x t e n t  and s e v e r i t y  o f  t h e  s i t u a t i o n  i n  
o r d e r  t o  u n d e r s t a n d  c o n s t r a i n t s  imposed by n i t r a t e  p o l l u t i o n  on 
w a t e r  s u p p l y  p l a n n i n g  and t o  i d e n t i f y  f e a s i b l e  c o n t r o l  s t r a t e g i e s .  
Taking i n t o  a c c o u n t  t h e  v a r i e t y  o f  n i t r o g e n  p o l l u t i o n  s o u r c e s ,  
t h e  c o n t r o l  can  o n l y  be  ach ieved  when t h e  phenomenon o f  n i t r a t e  
p o l l u t i o n  o f  w a t e r  s u p p l i e s ,  a  complex i n t e r d i s c i p l i n a r y  problem, 
i s  a t t a c k e d  a s  a  whole,  by t h e  a d o p t i o n  o f  some t y p e  o f  sys tems 
approach.  T h i s  p a p e r  r e p r e s e n t s  a  p r e l i m i n a r y  a t t e m p t  i n  t h i s  
d i r e c t i o n .  Al though t h e  main concern  h e r e  f o c u s e s  on  a g r i c u l -  
t u r a l  n o n p o i n t  p o l l u t i o n  s o u r c e s ,  and i n  p a r t i c u l a r  on  t h e  u s e  
o f  i n o r g a n i c  f e r t i l i z e r s ,  t h e  a u t h o r  a t t e m p t s  t o  f o r m u l a t e  an  
approach g e n e r a l l y  s u i t a b l e  for most o t h e r  r e l e v a n t  t y p e s  o f  
p o l l u t i o n .  T h i s  i s  done by p l a c i n g  nonpo in t  n i t r a t e  p o l l u t i o n  
c o n t r o l  i n  t h e  g e n e r a l  framework o f  w a t e r  q u a l i t y  management, 
and r e f l e c t e d  t h r o u g h o u t  t h e  paper  by t h e  complementary and 
l a r g e l y  synonymous u s e  o f  t h e  terms c o n t r o l  and management. 
The f i r s t  s e c t i o n  o f  t h e  paper  t r ies  t o  i d e n t i f y  t h e  v a r i o u s  
mechanisms by which t h e  w a t e r  r e s o u r c e s  of a  r e g i o n  and t h e  i n -  
p u t s  and  o u t p u t s  o f  n i t r o g e n  t o  and from t h e  w a t e r  r e s o u r c e  s y s -  
t e m  i n t e r a c t .  Based on t h i s  a n a l y s i s ,  a  c o n c e p t u a l  sys tem f o r  
c o n t r o l  o f  n o n p o i n t  n i t r a t e  p o l l u t i o n  o f  m u n i c i p a l  w a t e r  s u p p l y  
s o u r c e s .  i s  o u t l i n e d .  A f t e r  hav ing  d e a l t  w i t h  i m p o r t a n t  f e a t u r e s  
o f  b o t h  t h e  sys tem t o  b e  c o n t r o l l e d  and t h e  c o n t r o l  sys tem it- 
s e l f ,  t h e  s u b s e q u e n t  s e c t i o n s  a n a l y z e  t h e  components o f  t h e  con- 
t r o l  sys tem.  The d i s c u s s i o n  o f  t h e  management o b j e c t i v e s  and 
a l t e r n a t i v e s  f o r  p o l l u t i o n  c o n t r o l  w i l l  b e  fo l lowed  by a s e c t i o n  
o n  methods o f  a n a l y s i s  t o  b e  a p p l i e d  i n  t h e  p l a n n i n g  phase  o f  
p o l l u t i o n  c o n t r o l .  I n  o r d e r  t o  e s t a b l i s h  c l e a r l y  t h e  c o n f l i c t  
need ing  r e s o l u t i o n ,  a g r i c u l t u r e  i s  d e a l t  w i t h  a s  a n  i n t e r n a l  con- 
t r o l  f a c t o r  i n  t h e  two problem a r e a s  o f  management o b j e c t i v e s  and 
a l t e r n a t i v e s .  However, it i s  f a r  beyond t h e  scope  o f  t h i s  paper  
t o  d e a l  comprehens ively  w i t h  b o t h  a g r i c u l t u r a l  p r o d u c t i o n  plan-  
n i n g  and w a t e r  q u a l i t y  management p l a n n i n g .  A t t e n t i o n  is  t h e r e -  
f o r e  devo ted  t o  t h e  l a t t e r ,  w i t h  p a r t i c u l a r  r e f e r e n c e  t o  p l a n n i n g  
p r o c e s s e s  such  as w a t e r  q u a l i t y  m o n i t o r i n g  ( i n c l u d i n g  d a t a  manage- 
m e n t ) ,  w a t e r  q u a l i t y  impact  a n a l y s i s ,  and t h e  a n a l y s i s  of  manage- 
ment a l t e r n a t i v e s .  A g r i c u l t u r a l  p r o d u c t i o n  i s  t a k e n  i n t o  a c c o u n t  
as a n  e x t e r n a l  c o n s t r a i n t .  I n  d i v i d i n g  t h e  d i s c u s s i o n  i n t o  sec- 
t i o n s  on  management o b j e c t i v e s ,  management a l t e r n a t i v e s ,  and 
methods o f  a n a l y s i s ,  some o v e r l a p p i n g  among t h e  s e c t i o n s  i s  un- 
a v o i d a b l e  and even d e s i r a b l e .  
NITRATE POLLUTION OF WATER RESOURCES: 
SOURCES AND CONTROL 
The i n i t i a l  s t e p  i n  developing o p t i o n s  f o r  c o n t r o l  of  non- 
p o i n t  n i t r a t e  p o l l u t i o n  of  municipal  w a t e r  supply sou rces  i s  t h e  
a n a l y s i s  of t h e  phys i ca l  system t o  be  c o n t r o l l e d .  The i n t e r a c -  
t i o n s  o f  va r ious  components of  t h e  system, such a s  t h e  wate r  re- 
sources  of  a r eg ion ,  o r  t h e  i n p u t s  and o u t p u t s  of  n i t r o g e n  t o  
and from t h e  water r e sou rces  system, need t o  be  i d e n t i f i e d .  Then 
a  c o n t r o l  system can be o u t l i n e d .  
Nitrogen and Water Resources 
The schematic r e p r e s e n t a t i o n  o f  t h e  i n p u t s  and o u t p u t s  of 
n i t r o g e n  t o  and from a  r e g i o n a l  wate r  r e sou rce  system (F igure  1 )  
concep tua l i ze s ,  i n  a h igh ly  s i m p l i f i e d  manner, t h e  phys i ca l  sys- 
t e m  r e q u i r i n g  c o n t r o l .  
The amount of n i t r a t e  p r e s e n t  i n  water  supply a b s t r a c t i o n  
i s  determined by t h e  m o u n t  o f  n i t r o g e n  l o s t  from t h e  system 
a s  r e g i o n a l  outf low.  However, it i s  b a s i c a l l y  c o n t r o l l e d  by t h e  
va r ious  processes  t a k i n g  p l a c e  i n  t h e  n i t r o g e n  c y c l e ,  p a r t i c u l a r -  
l y  by t h e  i n t e r a c t i o n  of wate r  w i th  t h e  s o i l - p l a n t  system. Con- 
sequent ly ,  t h e  system t o  be  c o n t r o l l e d  has been d iv ided  i n t o  
t h r e e  gene ra l i zed  p a r t s :  s u r f a c e  w a t e r ,  groundwater, and t h e  
s o i l - p l a n t  system. 
The major i n p u t s  of  n i t rogen  t o  t h i s  system are: 
-- w a s t e  sou rces  such a s  domestic and i n d u s t r i a l  e f f l u e n t ,  
and animal wastes ;  
-- atmospheric sources ,  such as n i t r o g e n  d e l i v e r e d  i n  r a in -  
f a l l ,  and b i o l o g i c a l  f i x a t i o n ;  
-- i no rgan ic  f e r t i l i z e r s .  
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Figure 1. Schematic representation of the inputs and 
outputs of nitrogen to and from a regional 
water resources system. (Source: adapted 
from Reeves, 1977) 
I n  a d d i t i o n  t o  t h e s e  sou rces ,  t h e  indigenous n i t r o g e n  p o t e n t i a l  
of t h e  wate r  r e sou rce  system and t h e  s o i l - p l a n t  system must be 
taken i n t o  account .  
Waste makes up most of  t h e  p o i n t  source  p o l l u t i o n ,  b u t  can  
be t ransformed i n t o  nonpoint  p o l l u t i o n  when used i n  l a r g e - s c a l e  
land t r e a t m e n t  ( a s  f e r t i l i z e r s ,  sewage farming) o r  when t h e r e  is  
s e p t i c  t ank  d ra inage .  Atmospheric sou rces  and i n o r g a n i c  f e r t i -  
l i z e r s  used i n  a g r i c u l t u r e  c r e a t e  t y p i c a l  nonpoint  p o l l u t i o n  
sources .  
When r e l a t i n g  t h e  n i t r o g e n  sou rces  t o  t h e  wa te r  r e sou rce  
system, t h e  fo l lowing  becomes ev iden t :  
-- sewage e f f l u e n t  e n t e r s  t h e  system p r i m a r i l y  through t h e  
s u r f a c e  water cour ses ;  d i r e c t  e n t r y  t o  t h e  s o i l  is pos- 
s i b l e  on ly  when t h e r e  is  l and  t r e a t m e n t  of  sewage o r  
s e p t i c  t ank  dra inage ;  t h e  e n t r y  t o  t h e  groundwater sys-  
t e m  through l o s s e s  from s u r f a c e  waters (see diagram) 
may be more common than  d i r e c t  e n t r y ,  b u t  t h e  l a t t e r  
cannot  be  r u l e d  o u t .  
-- r a i n f a l l  e n t e r s  t h e  system e i t h e r  a s  d i r e c t  runoff  t o  
t h e  s u r f a c e  waters, o r  through t h e  s o i l  and t h e r e a f t e r  
t o  t h e  groundwater system; t h e  d i r e c t  e n t r y  t o  t h e  
groundwater system is unusual .  
-- b i o l o g i c a l  f i x a t i o n ,  i . e . , n i t r o g e n  f i x a t i o n  by b a c t e r i a  
from t h e  a i r ,  i s  mainly a s s o c i a t e d  wi th  a g r i c u l t u r a l  
c r o p s  c u l t i v a t e d  on t h e  s o i l ;  
-- animal wastes and ino rgan ic  f e r t i l i z e r s  e n t e r  t h e  sys-  
t e m  mainly through t h e i r  a p p l i c a t i o n  as f e r t i l i z e r s  t o  
t h e  s o i l ;  d i r e c t  l o s s e s  t o  t h e  s u r f a c e  water o r  ground- 
w a t e r  system are be l i eved  t o  occur  o n l y  i n  c a s e s  o f  acci- 
d e n t a l  s p i l l a g e .  
A f t e r  having reached t h e  wate r  r e sou rce  system, n i t r o g e n  
is s u b j e c t  t o  v a r i o u s  chemical  and b i o l o g i c a l  p rocesses  corn 
posing t h e  n i t r o g e n  c y c l e .  The i n t e r a c t i o n s  among t h e s e  pro- 
c e s s e s ,  a s s o c i a t e d  mainly w i th  t h e  s o i l - p l a n t  system and t h e  
sur f -ce  water system, are complex and need n o t  be desc r ibed  i n  
more d e t a i l  he re .  Moreover, as  water i s  t h e  t r a n s f e r  v e c t o r  
f o r  t r a n s p o r t i n g  mobil n i t r o g e n  from t h e  s o i l - p l a n t  systems t o  
t h e  s u r f a c e  and groundwater r e sou rces ,  n i t r o g e n  is  s u b j e c t  t o  
t h e  p h y s i c a l  p roces ses  of  t h e  hydro log ica l  c y c l e .  Processes  
such a s  l each ing  (deep p e r c o l a t i o n )  o r  s u r f a c e  and subsu r f ace  
runof f ,  e r o s i o n ,  and basef low (F igure  1 ) i l l u s t r a t e  t h i s .  
F igu re  2 shows t h e  r e l a t i v e  importance of n i t r o g e n  sou rces  
f o r  England and Wales and t h e i r  development from 1935-1970. It  
can be seen  t h a t ,  on an annual  b a s i s ,  a tmospher ic  sou rces  pro- 
v i d e  t h e  g r e a t e s t  amount o f  a v a i l a b l e  n i t r o g e n ,  fol lowed by 
waste sources ,  and f e r t i l i z e r s .  However, it should be noted 
t h a t  t h e  t o t a l  amount of n i t r o g e n  a v a i l a b l e  annua l ly  has  s t e a d i l y  
i nc reased  s i n c e  1938 and t h a t  i no rgan ic  f e r t i l i z e r s  account  f o r  
most of t h i s  i n c r e a s e .  This i s  due t o  expanding food r equ i r e -  
ments o f  growing popula t ions ;  t h e s e  two f a c t o r s  h e l p  e x p l a i n  
t h e  i n c r e a s e  i n  t h e  ciiount of human and animal was tes .  Nonagri- 
c u l t u r a l  u s e r s  of i n o r g a n i c  f e r t i l i z e r s ,  such a s  t h e  f o r e s t r y  
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F i g u r e  2 .  R e l a t i v e  impor tance  o f  n i t r o g e n  s o u r c e s .  
(Source:  C e n t r a l  Water P l a n n i n g  U n t i ,  1977.  ) 
i n d u s t r y ,  f u r t h e r  a c c o u n t  f o r  t h e  i n c r e a s e .  Although f o r e s t s  
have a h i g h e r  n i t r o g e n  e l i m i n a t i o n  p o t e n t i a l  compared t o  a g r i -  
c u l t u r a l  l a n d s ,  t h e y  do c o n t r i b u t e  t o  n i t r a t e  p o l l u t i o n  o f  w a t e r  
r e s o u r c e s .  
Although t h e  c o n t r i b u t i o n  o f  a g r i c u l t u r a l  f e r t i l i z e r s  t o  
water p o l l u t i o n  depends  v e r y  much on s p e c i f i c  c l i m a t i c ,  s o i l ,  
and l a n d  u s e  c o n d i t i o n s  i n  a r e g i o n ,  t h e r e  i s  abundan t  e v i d e n c e  
p r o v i n g  t h a t  t h e  s i t u a t i o n  d e p i c t e d  i n  F i g u r e  2 a p p l i e s  t o  many 
o t h e r  developed c o u n t r i e s  o r  r e g i o n s .  For example, Golubev (1980) 
concluded from a g l o b a l  s u r v e y  t h a t  water p o l l u t i o n  by n i t r a t e s  
i s  o f  more concern  on a n a t i o n w i d e  b a s i s  f o r  c o u n t r i e s  o f  West- 
e r n  and C e n t r a l  Europe w i t h  d e n s e  p o p u l a t i o n s  and t h e  h i g h e s t  
l e v e l s  o f  f e r t i l i z e r  a p p l i c a t i o n .  However, t h e  n i t r a t e s  prob- 
l e m  i s  a l s o  i m p o r t a n t  on a r e g i o n a l  b a s i s  i n  l a r g e  c o u n t r i e s ,  
such  as t h e  USA and t h e  USSR, which have  lower  f e r t i l i z e r  l o a d s  
and are less d e n s e l y  p o p u l a t e d .  
The r e l a t i v e  impor tance  o f  water s u p p l y  s o u r c e s  ( r i v e r s ,  
l a k e s ,  r e s e r v o i r s ,  and a q u i f e r s )  g e n e r a l l y  depends  o n  t h e  n a t u r a l  
c o n d i t i o n s  o f  a g i v e n  r e g i o n .  I t  is i m p o r t a n t  t o  n o t e  t h a t  f o r  
t h o s e  c o u n t r i e s  i d e n t i f i e d  as hav ing  a p a r t i c u l a r l y  h i g h  p o t e n t i a l  
f o r  n i t r a t e  p o l l u t i o n ,  groundwater  r e s o u r c e s  p l a y  a key r o l e  i n  
d r i n k i n g  water s u p p l y .  For  i n s t a n c e ,  t h e  p e r c e n t a g e  o f  groundwater  
v e r s u s  t o t a l  d r i n k i n g  water is r o u g h l y  98% i n  Denmark and A u s t r i a ,  
93% i n  I t a l y ,  71% i n  t h e  German Democrat ic  Repub l i c ,  t h e  F e d e r a l  
Repub l i c  o f  Germany, and Belgium, 70% i n  Luxemburg and Swi tze r -  
l a n d ,  65% i n  t h e  N e t h e r l a n d s  and t h e  CSSR, 50% i n  France ,  and 
31% i n  t h e  Uni ted  Kingdom (Huisman, 1976; Lau te rbach  e t  a l . ,  
1976; F r i e d  and Zampet t i ,  1979; S t i b r a l ,  1 9 7 9 ) .  Moreover, 
Golubev (1980) proved t h a t  t h e  h a z a r d  o f  n i t r a t e  l e a c h i n g  i s  
p a r t i c u l a r l y  h i g h  f o r  t h e s e  c o u n t r i e s  because  o f  t h e i r  g e n e r a l  
climatic f e a t u r e s .  O f t e n ,  t h e  e f f e c t  o f  t h i s  n a t u r a l  s i t u a t i o n  
is compounded by t h e  u s e  o f  supp lementa l  i r r i g a t i o n ,  a  f a c t o r  
which i n t e n s i f i e s  a g r i c u l t u r a l  c r o p  p r o d u c t i o n .  
Because o f  t h e  above s i t u a t i o n ,  groundwater  r e s o u r c e s  de- 
s en2  s p e c i a l  a t t e n t i o n ,  e s p e c i a l l y  as t h e r e  i s  an i m p o r t a n t  
d i f f e r e n c e  between groundwater  and s u r f a c e  w a t e r  p o l l u t i o n  and 
t h e i r  r e s p e c t i v e  management s t r a t e g i e s .  While t h e  d e c i s i o n  t o  
p u r i f y  r i v e r  water i s  made w i t h  t h e  knowledge t h a t  w a t e r  q u a l i t y  
c a n  b e  r e s t o r e d  r e l a t i v e l y  q u i c k l y  a f t e r  h a v i n g  removed t h e  pol -  
l u t i o n  s o u r c e ,  t h e  same does  n o t  a p p l y  t o  l a k e s ,  r e s e r v o i r s ,  o r  
p a r t i c u l a r l y  t o  a q u i f e r s  where p o l l u t a n t s  may b e  r e t a i n e d  f o r  
decades  o r  even c e n t u r i e s .  N e v e r t h e l e s s ,  examina t ion  o f  t h e  
e f f e c t s  o f  f e r t i l i z e r  n i t r a t e  water p o l l u t i o n  i n  a r e g i o n a l  
c o n t e x t  u s u a l l y  r e q u i r e s  a c o n j u n c t i v e  c o n s i d e r a t i o n  o f  t h e  
groundwater  and s u r f a c e  w a t e r  r e s o u r c e s  o f  a r e g i o n .  
Outline of a.Contro1 System 
The physical system considered so far is now ready to be fit 
into a more general management system for the control of nitrate 
pollution in municipal water supply sources. As seen from the 
preceeding analysis, the major concern in outlining such a system 
is controlling nonpoint pollution sources in agriculture, such 
as organic and inorganic fertilizer, with most importance given 
to the latter. Hence, the system must provide a framework for 
the analysis of the various factors affecting regional water 
resources management, considering the interests of the competing 
users of soils and waters. In order to understand how water 
supply and management is influenced by increasing nitrate con- 
centrations in water resources and how to ensure a safe drink- 
ing water supply, management must link land use and water supply 
development. The framework for analysis carried out in the sub- 
sequent sections of this paper therefore follows the concept of 
a decision making process based on the control system shown in 
Figure 3. The major components considered are: 
a) the system to be controlled, encompassing 
-- the municipalities (representatives of the general 
public) which are supplied with water and agricul- 
tural commodities and govern the overall control sys- 
tem by setting the management objectives; they also 
contribute to nitrate pollution of municipal water 
supply sources through the disposal of human and 
industrial wastes; 
-- the environment, especially the atmosphere, which 
provides the background load of nitrogen to the 
two environmental subsystems of interest, the soil- 
plant system, and the water supply sources; 
-- the water supply and management agencies managing 
the municipal water supply sources and responsible 
for ensuring a safe drinking water supply; 
-- the agricultural production sector which strives to 
achieve production goals, causing nitrate pollution 
of water supply sources as a side effect of techno- 
logical activities of crop production and waste dis- 
posal to the soil-plant system; 
b) the management objectives of the overall control system 
which should be accomplished through management measures 
appropriate for the specific system; 
c) the management subsystem, where management objectives 
are achieved through planning and implementation of 
management measures not only in the field of water 
supply and management, but also in the agricultural 
sector. 
The components of the system to be controlled (the munici- 
palities and the environment, with its subcomponents of the 
water resource system and soil-plant system) are physically con- 
nected by mass flows (nitrate polluted water, drinking water, 
agricultural commodities) and constitute the basis and target 
for decision making. In contrast, components of the management 
subsystem are linked by the flow of information. The conjunction 
perties of the water system economic and insti- tutional measurn 
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Figu re  3 .  The sys tem f o r  c o n t r o l  o f  nonpoin t  n i t r a t e  p o l l u t i o n  
o f  munic ipa l  wa t e r  supp ly  s o u r c e s .  
between t h e s e  two main p a r t s  of  t h e  o v e r a l l  c o n t r o l  system i s  
provided through t h e  implementation of management measures. 
MANAGEMENT OBJECTIVES FOR CONTROL 
I n  d i s c u s s i n g  t h e  e s t ab l i shmen t  of  management o b j e c t i v e s  f o r  
a  complex n i t r a t e  p o l l u t i o n  c o n t r o l  system as  shown i n  F igu re  3, 
it must f i r s t  be noted t h a t  t h e  a c t u a l  c o n t r o l  problem is  mul t i -  
o b j e c t i v e .  That is ,  i n  o r d e r  t o  manage t h e  system op t ima l ly ,  ob- 
j e c t i v e s  o t h e r  t han  a s a f e  d r i n k i n g  w a t e r  supply must be taken  
i n t o  account ,  i nc lud ing  a g r i c u l t u r a l  p roduc t ion  g o a l s ,  i n d u s t r i a l  
development, p u b l i c  h e a l t h ,  e u t r o p h i c a t i o n  c o n t r o l ,  u t i l i z a t i o n  
of r e sou rces ,  e t c .  This  paper does n o t  c o n s i d e r  i n  dep th  t h i s  
m u l t i o b j e c t i v e  f e a t u r e  of t h e  o v e r a l l  c o n t r o l  problem; r a t h e r ,  
an  a t t empt  is made t o  d e a l  w i th  t h e  two o b j e c t i v e s  r e l a t i n g  t o  
wate r  supply and a g r i c u l t u r a l  product ion.  
P a r t i c u l a r  a t t e n t i o n  is  paid  t o  t h e  b a s i c  o b j e c t i v e  of  
water supply eng inee r s ,  i e e t i n g  t h e  n i t r a t e  concen t r a t i on  l i m i t  
se t  f o r  d r i n k i n g  w a t e r  s t anda rds . .  Many water  systems managers 
are, however, s k e p t i c a l  o f  t h e s e  l i m i t s  and o f t e n  exp res s  t h e  
op in ion  " I  d o n ' t  know where t h e s e  magic numbers come from." 
(Eaton, 1978) .  C l e a r l y ,  a  widespread a t t i t u d e  e x i s t s  t h a t  t h e  
n i t r a t e  l i m i t s  se t  f o r  d r i n k i n g  wate r  s t a n d a r d s  are h i g h e r  t han  
necessary .  Consequently, one might conclude t h a t  no real "ni-  
t r a t e  problem" e x i s t s  and t h a t  t h e  most f e a s i b l e  "management 
a l t e r n a t i v e "  f o r  p o l l u t i o n  c o n t r o l  would be  t o  set new, i . e . ,  
h ighe r  (less r e s t r i c t i v e )  s t anda rd  l i m i t s .  
Safe  Drinking Water Supply 
E a r l i e r ,  t h e  a n a l y s i s  and hyg ien ic  r e l evance  of  t h e  n i t r a t e  
c o n t e n t  i n  d r ink ing  wate r  were cons idered  i n  con junc t ion  wi th  
t h e  ammonia and n i t r i t e - c o n t e n t .  This  s i t u a t i o n  changed when 
Comly i n  1945 proved t h a t  t h e - n i t r a t e  c o n t e n t  is t h e  cause  o f  
methen,~globinemia;  t h e  d i r e c t - c a u s e  i s  a c t u a l l y  n i t r i t e ,  t h e  
compound produced by n i t r a t e - r e d u c i n g  b a c t e r i a  i n  t h e  c h i l d ' s  
g a s t r o i n t e s t i n a l  t r a c t .  N i t r i t e  o x i d i z e s  hemoglobin t o  methe- 
moglobin, which i s  unable  t o  c a r r y  oxygen t o  t h e  t i s s u e s ,  and 
t h e  c h i l d  can succumb t o  c e l l u l a r  anoxia .  However, s i n c e  n i t r a t e  
is  a t  t h e  r o o t  of methemoglobinemia, t h e  WHO set  n i t r a t e  l i m i t s  
f o r  d r i n k i n g  wate r .  The 1971 W O  I n t e r n a t i o n a l  S tandards  f o r  
Drinking Water (WHO, 1971) recommended a maximum l e v e l  of  45 mg 
pe r  l i t e r  of NO3; above t h i s  l e v e l ,  i n f a n t s  less than  one y e a r  
o l d  were cons idered  t o  be a t  r i s k .  The f i r s t  e d i t i o n  o f  t h e  WHO 
European S tandards  gave a  va lue  of 50 mg NO3 pe r  l i t e r ,  b u t  t h e  
second e d i t i o n  r e v i s e d  t h i s  t o :  
N i t r a t e  c o n c e n t r a t i o n s  should be less than  50 mg N 0 3 / l ,  
b u t  c o n c e n t r a t i o n s  up t o  100 mg N O j / l  a r e  accep tab le ,  
p rov id ing  t h a t  t h e  l o c a l  d o c t o r s  are informed and are 
t h e r e f o r e  aware of problems wi th  i n f a n t s ;  wate r  wi th  
n i t r a t e  c o n c e n t r a t i o n s  h ighe r  t han  100 mg NO /1 a r e  
n o t  recommended f o r  d r i n k i n g  wate r  supply  ( w ~ o ,  1970) . 
National  r e g u l a t i o n s  adopted on  t h e  b a s i s  of  WHO s t a n d a r d s  reach  
from 5 mg NO /1 (Mexico 1953 c i t .  from Hdring, 1979) t o  100 mg 
N 0 3 / l  ( ~ a r l s a n ,  1973) . 
I n  developed c o u n t r i e s ,  t h e  a c t u a l i t y  i s  t h a t  w e l l  w a t e r  
methemoglobinemia of  i n f a n t s  i s  r a r e .  For example, i n  t h e  UK, 
only one c a s e  of  dea th  w a s  r epo r t ed  f o r  t h e  pe r iod  1950-1975 
(Wild, 1977) .  Furthermore, methemoglobinemia is  h a r d l y  found i n  
o l d e r  c h i l d r e n  and a d u l t s  (Gruener, T o e p l i t z ,  1975) .  
However, t h e  d i s c u s s i o n  on t h e  importance o f  n i t r a t e  t o x i n s  
i n  d r ink ing  wate r  and food has  r e c e n t l y  been r egene ra t ed  because 
n i t r i t e s  can r e a c t  w i th  secondary and t e r t i a r y  amines i n  t h e  food 
t o  form n i t rosamines  which are p o t e n t i a l l y  ca rc inogen ic ,  t e r a t o -  
gen ic ,  and mutagenic. I t  is  of  i n t e r e s t  t h a t  abou t  one h a l f  o f  
t h e  t o t a l  amount o f  n i t r a t e  and n i t r i t e  consumed by human beings  
is supp l i ed  by food.  
According t o  Hdring (1979) ,  no d e f i n i t i v e  ev idence  e x i s t s  
proving t h e  ca rc inogen ic  e f f e c t s  of  N-nitroso compounds on man. 
But it i s  d i f f i c u l t  t o  prove such e f f e c t s  u s ing  ep idemiolog ica l  
methods. The complex and combined i n f l u e n c e  of  summation t o x i n s  
on man o f t e n  makes it impossible  t o  i d e n t i f y  t h e  consequences 
of  a s i n g l e  f a c t o r  i n  the o v e r a l l  e f f e c t .  Consequently, Hdring 
(1979) only  s t a t e d  t h a t  much circumstantial evidence i n d i c a t e s  
t h a t  t h e  n i t r a t e  conta ined  i n  food and d r i n k i n g  water p a r t i c i p a t e s  
i n  forming harmful amounts o f  ca rc inogen ic  n i t ro samines  a f t e r  
i n g e s t i o n  by t h e  human organism. H e  f u r t h e r  argued however, t h a t  
t h e  knowledge p r e s e n t l y  a v a i l a b l e  remains i n s u f f i c i e n t  f o r  esti- 
mating t h e  n i t r a t e  concen t r a t i on  i n  d r i n k i n g  water  which produces 
no adverse  h e a l t h  e f f e c t .  
This  somewhat u n c e r t a i n  assessment  of  t h e  e f f e c t s  of n i t r a t e s  
on human h e a l t h  has  l e d  t o  crit icism of t h e  l i m i t s  set  f o r  s a f e  
concen t r a t i ons  o f  n i t r a t e  i n  d r i n k i n g  wa te r .  Hence, whi le  h a r d l y  
anyone would a g r e e  t h a t  " t h e r e  i s  no evidence t o  suppor t  t h e  WHO 
l i m i t s . . . "  (Wild, 1977),  s c i e n t i s t s  are i n c l i n e d  t o  concur wi th  
another  o f  Wild 's  conc lus ions :  
An ' o v e r s a f e '  l i m i t  w i l l  i n c r e a s e  t h e  c o s t s  of  p u r i f y i n g  
d r i n k i n g  wate r  and o f  sewage t r ea tmen t  q u i t e  unneces- 
s a r i l y ,  and might b r i n g  unreasonable  p r e s s u r e  on farm- 
ers t o  restrict  t h e  use o f  f e r t i l i z e r s . . .  A s  a s o c i e t y  
w e  have t o  ba lance  t h e  h e a l t h  r i s k  of  n i t r a t e  i n  water  
(and food) a g a i n s t  t h e  c o s t  o f  any requirement  t o  re- 
duce t h e  concen t r a t i on .  
I n  agree ing  wi th  Wild 's  remarks one must p l a c e  t h e  hyg ien ic  
i s s u e  of n i t r a t e s  i n  d r ink ing  water  w i t h i n  t h e  c o n t e x t  of  w a t e r  
supply p r o t e c t i o n  b e n e f i t  c o n s i d e r a t i o n s .  Asking t h e  ques- 
t i o n  of whether t h e r e  a r e  h e a l t h  r i s k s ,  o n e - i s  i n c l i n e d  to a s k  i f  
t h e  b e n e f i t s  of  p r o t e c t i o n  a r e  worth t h e  c o s t .  Even when us ing  
some k ind  o f  b e n e f i t - c o s t  a n a l y s i s  f o r  answering t h i s ,  t h e  most 
important  problem i s  a s s e s s i n g  t h e  h e a l t h  r i s k  from n i t r a t e s ,  
which governs a l l  c o n s i d e r a t i o n s  on b e n e f i t s  and c o s t s  o f  a s a f e  
municipal  w a t e r  supply.  Rather than  us ing  q u a n t i f i c a t i o n  i n  a 
b e n e f i t - c o s t  a n a l y s i s  t o  de te rmine  t h e  harm done, i n c l u d i n g  d e a t h  
caused by n i t r a t e s  i n  d r i n k i n g  wa t e r ,  it is  n e c e s s a r y  t o  e s t a b l i s h  
c o n s i s t e n t  c r i t e r i a  f o r  s a f e  (low r i s k s )  l i m i t s  of  n i t r a t e  con- 
c e n t r a t i o n  i n  d r i n k i n g  w a t e r .  To reduce  u n c e r t a i n t i e s ,  more 
t o x i c o l o g i c a l  o r  ep i d em i o l o g i ca l  s t u d i e s  shou ld  c o n s i d e r  f a c t o r s  
such a s  s i z e  and s u s c e p t i b i l i t y  o f  p o p u l a t i o n  exposed,  number o f  
w a t e r  sys tems i n v o l v ed ,  r e l a t i v e  dose  i n  wa t e r  compared w i t h  t o -  
t a l  burden,  p o s i t i v e  r e sp o n s e  o f  n i t r a t e  i n  c a r c i n o g e n i c ,  t e r a -  
t o g e n i c ,  and mutagenic  tests etc .  
U n t i l  such c o n s i s t e n t  c r i t e r i a  have been e s t a b l i s h e d ,  wa te r  
s u p p l y  e n g i n e e r s  must  r e l y  on t h e  p r e s e n t  arguments p rov ided  by 
h y g i e n i c  s t u d i e s .  For example, Hdring (1979) ,  i n  r e f e r e n c e  t o  
t h e  GDR Drink ing  Water S t an da rd ,  which p roposes  a  n i t r a t e  l i m i t  
c o n c e n t r a t i o n  o f  40 mg N 0 3 / 1  and a  gu ide  c o n c e n t r a t i o n  o f  20 mg 
N 0 3 / l ,  summarizes : 
The lower ing  o f  h i g h  n i t r a t e  c o n c e n t r a t i o n s  o f  d r i n k -  
i n g  wa te r  t o  and below t h e  gu ide  c o n c e n t r a t i o n  must be 
c o n s i d e r ed  a r e a l  p r o p h y l a c t i c  measure, a l t h o u g h  a t  
p r e s e n t  t h e  d o s e - t i m e - e f f e c t - r e l a t i o n  i s  u n c l e a r  and 
t h e  p r o p o r t i o n a l  d e c r e a s e  o f  t h e  t o t a l  l o a d i n g  w i t h  
c a r c i n o g e n i c s  a s  w e l l  a s  o t h e r  harmful  s u b s t a n c e s  
seems t o  be  r a t h e r  less.  
Such a n  a t t i t u d e  is  a l s o  s t r e s s e d  by T a t e  ( 1978 ) ,  when d i s -  
c u s s i n g  r e s u l t s  o f  a  s t u d y  c a r r i e d  o u t  by t h e  Na t i ona l  Academy o f  
S c i e n c e s  o f  t h e  Uni ted  S t a t e s ;  
The NAS s t u d y  i n d i c a t e d  t h a t  a v a i l a b l e  ev idence  
t e n d s  t o  co n f i r m  a  v  ue  n e a r  10 mg/l n i t r a t e -  
n i t r o g e n  ( i . e . ,  a b o u t  45 mg/l n i t r a t e )  a s  maximum 
no obse rved-adverse -hea l th -e f fec t  l e v e l ,  b u t  t h i s  
i s  a l s o  t h e  v a l u e  o f  t h e  i n t e r i m  s t a n d a r d  ( i . e . ,  t h e  
t h e  EPA S t a n d a r d ) ,  implying a  s a f e t y  f a c t o r  o f  one .  
T h e r e f o r e ,  it seems t h a t  t h e  n i t r a t e  s t a n d a r d  shou ld  
be reexamined f o r  p o s s i b l e  lower ing  i n  t h e  r e v i s e d  
C r i n k i n g  w a t e r  r e g u l a t i o n s .  
I n  summary, d e s p i t e  t h e  u n c e r t a i n  ev idence  abou t  t h e  c a r c i n -  
og e n i c  e f f e c t s  o f  n i t r o s a m i n e s  i n  w a t e r ,  g e n e r a l  s a f e t y  cons ide r a -  
t i o n s  s u g g e s t  lower ing  r a t h e r  t h a n  r a i s i n g  t h e  p r e s e n t  s t a n d a r d  
l i m i t  o f  t h e  recommended n i t r a t e  c o n c e n t r a t i o n  i n  d r i n k i n g  wa t e r .  
Th i s  recommendation is  based bo th  on t h e  i n c i d e n c e  o f  methemo- 
g lobinemia  and t h e  f a c t  t h a t  o t h e r  h e a l t h  r i s k s  a r e  un fo re seeab l e .  
Attainment of A g r i c u l t u r a l  Product ion Goals 
Supplying food t o  a  s t e a d i l y  growing popula t ion  r e q u i r e s  
high y i e l d s  i n  a g r i c u l t u r e  and a  high q u a l i t y  i n  a g r i c u l t u r a l  
products .  Hence, t h e  management of  agroecosystems i s  u s u a l l y  
product ion o r i e n t e d .  This  means t h a t  t h e  a g r i c u l t u r a l  o u t p u t  
and necessary  management p r a c t i c e s  a r e  determined by product ion 
p o l i c y  d e c i s i o n s  of  n a t i o n a l  and r e g i o n a l  bodies  and farm opera- 
t o r s .  A s  Haith (1980 )  says:  
These d e c i s i o n s  may be  mix tures  of  t r a d i t i o n ,  r a t i o n a l  
p lanning,  and responses  t o  economic s t i m u l i .  Regard- 
less o f  t h e i r  o r i g i n ,  however, a g r i c u l t u r a l  p o l i c i e s  
a r e  shaped p r i m a r i l y  by t h e i r  perce ived  e f f e c t s  on 
food and f i b e r  p roduc t ion .  
There a r e  a t  l e a s t  two m a t t e r s  of  i n t e r e s t  i n  d i s c u s s i n g  
such a g r i c u l t u r a l  p roduc t ion  p o l i c i e s .  F i r s t ,  due t o  i nc reased  
animal p roduc t ion ,  animal was tes  have become of  r e a l  concern when 
d e v i s i n g  was te  d i s p o s a l  s t r a t e g i e s  i n  many r eg ions .  Large l i v e -  
s t o c k  breed ing  farms a r e  o f t e n  t h e  main concern i n  t h i s  connect ion.  
I n  terns of  water  p o l l u t i o n  c o n t r o l ,  they  a r e  o f t e n  cons idered  t o  
be  p o i n t  p o l l u t i o n  sou rces ,  a t  p r e s e n t  o f t e n  bad ly  c o n t r o l l e d  
because o f  a  t echno log ica l  d e a r t h  i n  methods f o r  was te  d i s p o s a l .  
This  may l e a d ,  f o r  example, t o  uncon t ro l l ed  l a n d  t r ea tmen t  of  
s l u r r y  around l i v e s t o c k  f a n s ,  which must be  cons idered  " in ten-  
t i o n a l "  water  p o l l u t i o n  impact.  A second and even more impor tan t  
f a c t  wi th  r e s p e c t  t o  nonpoint  p o l l u t i o n  c o n t r o l  is  t h e  i n p u t  of 
chemical  f e r t i l i z e r s  and p e s t i c i d e s  t o  c rop  produc t ion ,  which have 
proved e f f i c a c i o u s  f o r  i n c r e a s i n g  y i e l d s .  I n  a d d i t i o n ,  t h e  con- 
t r o l  of  wate r  i n p u t s  through i r r i g a t i o n  has  become a  major fac-  
t o r  i n  s u s t a i n i n g  t h e  e f f i c i e n c y  of agroecosystems.  Unfor tuna te ly ,  
a g r i c u l t u r a l  p o l i c i e s  encouraging i r r i g a t i o n  and t h e  use  o f  chemi- 
c a l s  have n o t  on ly  i n c r e a s e d  e f f i c i e n c y ,  b u t  a l s o  produced, among 
o t h e r  environmental  impacts ,  a  degraded wa te r  q u a l i t y .  
However, i n  c o n t r a s t  t o  t h e  waste  i s s u e  d i s c u s s e d  above, 
t h e s e  wate r  p o l l u t i o n  impacts a r e  l a r g e l y  " u n i n t e n t i o n a l . "  F igu re  
4- i l l u s t r a t e s  t h i s  assumption.  A s  shown i n  t h e  h y p o t h e t i c a l  n i -  
t rogen  f e r t i l i z e r - y i e l d  response  func t ion  of  F i g u r e  4 a ,  when ap- 
p ly ing  f e r t i l i z e r s  t o  c rops ,  a n  i n i t i a l  p a r t  o f  t h e  a p p l i c a t i o n  
c o n t r i b u t e s  t o  a  cons ide rab le  i n c r e a s e  i n  y i e l d ,  g e n e r a l l y  s e v e r a l  
t e n s  o f  pe rcen t  i n  comparison wi th  u n f e r t i l i z e d  c r o p s .  Above a  
c e r t a i n  va lue ,  however, t h e  increments  i n  y i e l d  grow smaller and 
s m a l l e r  u n t i l  t h e r e  i s n o  f u r t h e r  i n c r e a s e  i n  y i e l d  d e s p i t e  t h e  
l a r g e r  a p p l i c a t i o n s o f  f e r t i l i z e r .  Accordingly,  t h e  supe r f luous  
f e r t i l i z e r  e v e n t u a l l y  passes ,  pos s ib ly  i n  modified form, t o  sur -  
f a c e  2nd groundwaters. The d i f f i c u l t i e s  i n  c o n t r o l l i n g  t h i s  
p rocess  are dep ic t ed  i n  F igure  4b,  which shows q u i t e  d i f f e r e n t  
corn y i e l d  responses  t o  n i t r o g e n  f e r t i l i z a t i o n  f o r  s i x  exper i -  
mental f i e l d s  of  t h e  s a m e  r zg ion .  Obviously, on ly  e f f e c t i v e  
o p e r a t i o n a l  management o f  a g r i c u l t u r a l  f e r t i l i z a t i o n  p r a c t i c e s  
which account  f o r  r e g i o n a l  f e a t u r e s  can m e e t  t h e  requirements  of  
a  c o n t r o l l e d  y i e l d  i n c r e a s e .  

TO summarize, it is  manZfest t h a t  a g r i c u l t u r a l  product ion 
must be i n t e n s i f i e d  a t  an eve r  i n c r e a s i n g  r a t e ,  because w a t e r  
and food are i n d i s p e n s i b l e  t o  human l i f e .  A g r i c u l t u r a l  management 
p o l i c i e s  based on i n t e n s i v e  use  of  l and ,  wa te r ,  and chemicals 
have g r e a t l y  i nc reased  t h e  e f f i c i e n c y  of  food produc t ion .  On t h e  
o t h e r  hand, p r e s e n t  t echno log ie s  are r e l a t i v e l y  i n e f f i c i e n t  i n  
u t i l i z i n g  a g r i c u l t u r a l  r e s o u r c e s  such a s  chemical  f e r t i l i z e r s ,  
because they  produce environmental  p o l l u t i o n  hazardous t o  human 
h e a l t h  and n a t u r a l  ecosystems.  Hence t h e  remaining unanswered 
ques t ion  is ,  how can a g r i c u l t u r a l  p roduc t ion  systems be managed 
s o  t h a t  nega t ive  s i d e  e f f e c t s  a r e  avoided o r  a t  leas t  minimized? 
When d e a l i n g  wi th  nonpoint  source  p o l l u t i o n  c o n t r o l ,  it is impor- 
t a n t  f o r  r e s e a r c h e r s ,  p r a c t i t i o n e r s ,  and p o l i c y  makers t o  r e a l i z e  
t h a t  on ly  a  beginning has  been made. While t h e  c o n t r o l  of  p o i n t  
source  d i scha rges  o f  wastewaters is  based on ove r  a hundred y e a r s  
o f  r e s e a r c h  and t e s t i n g ,  cont inued i n v e s t i g a t i o n s  i n t o  nonpoint  
source  c o n t r o l  are necessary  t o  e s t a b l i s h  a  comparable l e v e l  o f  
technology (Hai th ,  1980) . 
MANAGEMENT ALTERNATIVES FOR CONTROL 
A s  i n d i c a t e d  in the control scheroe shown i n  F igu re  3 ,  t h e  manage- 
ment o b j e c t i v e s ,  among them s a f e  d r i n k i n g  wate r  supply ,  are gen- 
e r a l l y  a t t a i n e d  through an  i n t e g r a t e d  implementation o f  techno- 
l o g i c a l ,  i n s t i t u t i o n a l ,  and economic measures. According t o  t h e  
system t o  which they  r e f e r ,  two gene ra l  a l t e r n a t i v e s  f o r  wate r  
supply p o l l u t i o n  c o n t r o l  can be d i s t i n g u i s h e d :  c o n t r o l l i n g  po- 
t e n t i a l  p o l l u t i o n  sou rces  and/or t r e a t i n g  p o l l u t e d  water and 
t a k i n g  s p e c i a l  measures t o  ensure  wate r  supply.  I n  t e r m s  of  Fig- 
u r e  1 ,  t h i s  means d i f f e r e n t i a t i n g  between c o n t r o l  measures taken 
be fo re  n i t r o g e n  reaches  t h e  wate r  r e sou rce  system and measures 
taken b e f o r e  i n j e c t i n g  wate r  i n t o  t h e  municipal  supply  system. 
While t h e  f i r s t  method i s  c a r r i e d  o u t  through v a r i o u s  p o l l u t i o n  
c o n t r o l  s t r a t e g i e s  implemented i n  t h e  environmental  and p o l i t i c a l  
s e c t o r s  encompassing t h e  p o l l u t i o n  sou rces  (e .g . ,  municipal  and 
i n d u s t r i a l  w a s t e w a t e r  t r ea tmen t ,  a g r i c u l t u r a l  p roduc t ion ,  a i r  
p o l l ~ t i o n  c o n t r o l ) ,  t h e  second involves  e i t h e r  no t r ea tmen t  mea- 
sures o r  t r ea tmen t  measures t aken  i n  municipal  wate r  supply.  
A s  f o r  t h e  s p e c i f i c  c a s e  of  nonpoint  n i t r a t e  p o l l u t i o n  con- 
t r o l  measures used i n  t h e  a g r i c u l t u r a l  s e c t o r  t o  manage f e r t i l i z e r  
a p p l i c a t i o n ,  animal w a s t e  d i s p o s a l ,  and r u n o f f ,  e r o s i o n  and leach-  
i n g  (nontreatment)  are g e n e r a l l y  p r e f e r r e d  t o  n i t r a t e  e l i m i n a t i o n  
by wate r  p u r i f i c a t i o n .  This  is because t h e r e  is a h igh  probabi l -  
i t y  o f  having t o  t reat  t o x i c  chemicals o t h e r  t han  n i t r a t e ,  and 
t h e  c o s t  and r i s k  o f  technology depend on t h e  a c t u a l  p o l l u t i o n  
source  (sewage, s l u r r y ,  f e r t i l i z e r s ) .  Treatment should there -  
f o r e  on ly  be cons idered  a f t e r  having proved t h a t  nontreatment  is  
i n s u f f i c i e n t  o r  t o o  slow i n  be ing  e f f e c t i v e .  
Such an approach a2pears  c l o s e r  t o  t h e  meaning o f  t h e  term 
" p o l l u t i o n  c o n t r o l , "  which is  o f t e n  understood a s  p revent ing ,  
o r  a t  l e a s t  minimizing water p o l l u t i o n .  However, i n  r e a l i t y ,  
due t o  t h e  advanced s ta te  of  w a t e r  p o l l u t i o n ,  one has  t o  cons ide r  
probiems f a c i n g  municipal  w a t e r  supply i n  t h e  s h o r t  run,  f o r  
example, t h e  need f o r  a l t e r n a t i v e  supply sou rces ,  new water  t r e a t -  
ment technology,  o r  s p e c i a l  supply measures. On t h e  o t h e r  hand, 
t h e  p reven t ive  f e a t u r e  o f  t h e  t e h  " c o n t r o l "  a l s o  comprehends t h e  
mutual i n t e r e s t  of  t h e  w a t e r  supply i n d u s t r y  and a g r i c u l t u r e  i n  
n i t r a t e  p o l l u t i o n  c o n t r o l .  The amount o f  n i t r o g e n  which p o l l u t e s  
w a t e r  r e s o u r c e s  c o n s t i t u t e s  an uneconomical l o s s  o f  a v a l u a b l e  
product ion r e sou rce ,  which must be overcome by b e t t e r  management 
p r a c t i c e s  i n  a g r i c u l t u r e .  
Consequently, t h e  most e f f e c t i v e  management o f  nonpoint  n i -  
t r a t e  p o l l u t i o n  r e s u l t s  from c o n t r o l  o f  f e r t i l i z e r  a p p l i c a t i o n ,  
i r r i g a t i o n ,  and o t h e r  a g r i c u l t u r a l  p r a c t i c e s  i nc lud ing  proper  
l and  use  management. The development and a p p l i c a t i o n  o f  new 
k inds  of  f e r t i l i z e r s  and i n h i b i t o r s  f o r  c o n t r o l l i n g  f e r t i l i z e r  
r e l e a s e  o r  t r ans fo rma t ion  a l s o  must be considered.  I n  a d d i t i o n  
t o  t h e  measures d i scus sed  s o  f a r ,  o t h e r  i n s t i t u t i o n a l ,  l e g a l ,  
and economic a c t i o n s  f o r  implementing management a l t e r n a t i v e s  
have t o  be cons idered .  Spec i a l  a t t e n t i o n  should be given t o  
t h e  f a c t  t h a t  p r a c t i c a l  implementation o f  p o l l u t i o n  c o n t r o l  s t r a t -  
e g i e s  s t r o n g l y  depends on t h e  e x i s t e n c e  o f  r e g i o n a l  a u t h o r i t i e s  
and t h e i r  c a p a b i l i t i e s .  
To d e a l  comprehensively wi th  a l l  o f  t h e s e  a s p e c t s  would r e -  
q u i r e  a s e p a r a t e  s tudy .  I n  t h e  fo l lowing  pages,  t h e r e f o r e ,  on ly  
a few t echno log ica l  and i n s t i t u t i o n a l  a s p e c t s  o f  management al- 
t e r n a t i v e s  i n  municipal  water supply o r  a g r i c u l t u r e  w i l l  be d i s -  
cussed.  
Nitrate P o l l u t i o n  Cont ro l  i n  A g r i c u l t u r e  
A s  a l r e a d y  s t a t e d ,  n i t r o g e n ,  l i k e  a l l  o t h e r  n u t r i e n t s ,  i s  
moved by w a t e r  from a g r i c u l t u r a l  l a n d s  through l each ing ,  d i r e c t  
r u n o f f ,  and w i t h  sediment from e ros ion .  A l a r g e  body o f  l i tera-  
t u r e  e x i s t s  on t h e  s u b j e c t  o f  a g r i c u l t u r a l  p o l l u t i o n  c o n t r o l  
p r a c t i c e s  f o r  t h e s e  processes .  But, because o f  t h e  v a r i a t i o n s  
i n  c l i m a t e ,  s o i l s ,  v e g e t a t i o n ,  and a g r i c u l t u r a l  p r a c t i c e s  i n  
d i f f e r e n t  r e g i o n s ,  no s i n g l e  group o f  c o n t r o l  measures can be 
recommended f o r  every  reg ion .  S t ewar t  e t  a l .  (1975, 1976) have,  
however, e l a b o r a t e d  i n  an i n s t r u c t i o n  manual t h e  methods f o r  de- 
ve lop ing  s p e c i f i c  g u i d e l i n e s  f o r  l o c a l i z e d  areas. Table  2, taken 
from t h i s  manual, i l l u s t r a t e s  g e n e r a l  p r a c t i c e s  f o r  t h e  c o n t r o l  o f  
n u t r i e n t  l o s s  from a g r i c u l t u r a l  a p p l i c a t i o n s .  While it is  ob- 
v i o u s  t h a t  t h e  c o n t r o l  s t r a t e g i e s  chosen from t h e  t e c h n o l o g i c a l  
a l t e r n a t i v e s  should be  a p p r o p r i a t e  f o r  l o c a l  c o n d i t i o n s  and ac- 
c e p t a b l e  t o  t h e  fa rmers ,  nonpoint  source  p o l l u t i o n  c o n t r o l  pro- 
grams should prov ide  g e n e r a l  in format ion  and educa t ion  t o  assist 
farm o p e r a t o r s  (Evans e t  a l . ,  1980).  This  i s  most impor tan t  w i t h  
r e s p e c t  t o  t h e  f i r s t  p r a c t i c e  l i s t e d  i n  Table  2, developed t o  
e l i m i n a t e  exces s ive  f e r t i l i z a t i o n ,  cons idered  t h e  b a s i c  c o n t r o l  
a l t e r n a t i v e  i n  a g r i c u l t u r e .  
Table 2. Nutrient Control Practices. 
Nut r i en t  Cont ro l  P r a c t i c e  P r a c t i c e  Highl ights  
El iminat ing excess ive  f e r t i l i z a t i o n  May c u t  n i t r a t e  leaching  apprec iab ly ;  
reduces f e r t i l i z e r  c o s t s ;  has  no e f f e c t  
on y i e l d .  
Leaching Control  
Timing n i t rogen  a p p l i c a t i o n  Reduces n i t r a t e  leaching;  i nc reases  ni-  
t rogen  use  e f f i c i e n c y ;  i d e a l  t iming may 
be l e s s  convenient .  
Using crop  r o t a t i o n s  S u b s t a n t i a l l y  reduces n u t r i e n t  i npu t s ;  
n o t  compatible wi th  many farm enter -  
p r i s e s ;  reduces e ros ion  and p e s t i c i d e  use.  
Using animal wastes  f o r  f e r t i l i z e r  Economic ga in  f o r  some farm e n t e r p r i s e s ;  
slow r e l e a s e  of  n u t r i e n t s ;  spreading 
problems. 
Plowing-under green legume crops  Reduces use  of  n i t rogen  f e r t i l i z e r ;  n o t  
always f e a s i b l e .  
Using win ter  cover c rops  U s e s  n i t r a t e  and reduces pe rco la t ion ;  
n o t  a p p l i c a b l e  i n  some r eg ions ;  reduces 
win ter  e ros ion .  
Con t ro l l i ng  f e r t i l i z e r  r e l e a s e  o r  May decrease  n i t r a t e  leaching;  u sua l ly  
t ransformat ion  n o t  economically f e a s i b l e ;  needs addi- 
t i o n a l  r e sea rch  and development. 
Cont ro l  of  Nu t r i en t s  i n  itunoff 
Incol-rating s u r f a c e  a p p l i c a t i o n s  Decreases n u t r i e n t s  i n  runof f ;  no y i e l d  
e f f e c t s ;  n o t  always poss ib l e ;  adds c o s t s  
i n  some cases .  
Cont ro l l ing  s u r f a c e  a p p l i c a t i o n s  Useful when inco rpora t ion  is  n o t  f e a s i b l e .  
Using legumes i n  haylands and Replaces n i t rogen  f e r t i l i z e r ;  l i m i t e d  
p a s t u r e s  a p p l i c a b i l i t y ;  d i f f i c u l t  t o  manage. 
Cont ro l  o f  Nu t r i en t  Loss by Erosion 
Timing f e r t i l i z e r  plow-down Reduces e ros ion  and n u t r i e n t  l o s s ;  may 
be l e s s  convenient .  
Source: Stewart et al., 1975. 
Beer et al. (1980) report on the experience gained with a 
computer-aided advisory system for fertilizer application used 
in the centrally planned agriculture program of the GDR. The 
system has been developed by the Agrochemical Investigation and 
Advisory Service of the Academy of Agricultural Sciences of the 
GDR. This institution and its regional branches are responsible 
for advising the regional Agrochemical Centers in charge of sup- 
plying and applying mineral fertilizers to farms. The advisory 
system fulfills two major objectives: 
planning the demand for mineral fertilizers 
(amount, type) on farms, in districts, and in 
regions, taking into account the availability of 
organic manure; 
determining type of fertilizer used and timing, 
rate, splitting, and technological method of 
fertilizer application. 
Figure 5 provides a schematic overview of the entire advisory 
system, including the input and output information. 
Concerning inputs, the system accounts for a large variety 
of crops and soil types. Moreover, in order to consider varying 
climatic conditions, the entire country has been divided into 
four macroclimatic regions derived from meteorological parameters 
such as sea level, precipitation, temperature, and aridity index. 
For determining the actual fertilization periods, four phaenolog- 
ical regions have been established according to different vege- 
tation periods. 
The advisory system itself consists of two major components-- 
the planning model system and the operational adaptation system. 
The first is structured into three submodels used in developing 
recommendations for 
organic fertilization, 
mineral fertilization--macronutrients (N,P,K,Mg,Ca), 
t mineral fertilization--micronutrients (B,Cu,Mn,Mo,Zn). 
In order to be employed for fertilizer demand planning, the model 
system must be run in the summer of the year preceeding the ap- 
plication of fertilizer. A procedural step then has to be in- 
corporated into the process which modifies the recommendations 
of the planning model so that they are operational for the speci- 
fic field conditions. While the precise determination of the 
rate of the first nitrogen application is largely based on the 
inorganic nitrogen content of the soil, the amount of precipi- 
tation during winter, and soil climatic conditions, the nitrogen 
content of plants at the time of shoot (spring) up forms the basis 
for determining the second rate of nitrogen application to winter 
cereals. The entire adaptation procedure requires many intensive 
field tests. 
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F i g u r e  5. Advisory sys tem f o r  . f e r t i l i z e r  a p p l i c a t i o n .  
The lessons learned from using such an advisory system for 
fertilizer applicationcan be summarized as follows: 
- the output information of the system is only a set 
of recommendations to farmers; even if it were made 
illegal to exceed the upper limits of application, 
the problem of administering such regulations would 
remain; 
- the system itself is overloaded with uncertainties 
due to the roughness of the models and procedures 
used; to compensate for the generality of the 
planning model system, an operational adaptation 
system capable of more precise simulation of the 
soil-water-plant relationships within the yearly 
nitrogen cycle would be required. 
- to produce efficiency in controlling nitrate 
pollution from agricultural nonpoint sources, 
fertilization control must be operated jointly 
with control systems for pest management and 
irrigation. 
Some general conclusions on controlling nonpoint source 
pollution in the agricultural sector need to be drawn. An arbi- 
trary agricultural crop production system might consist of a 
field, a region, or a river basin. Several inputs and outputs 
affect such a system; the inputs can be divided into controlled 
or uncontrolled ones. Within the agricultural sector, complete 
control is possible only over the inputs made by man (seed, fer- 
tilizer, pesticides, management, labor, etc.). It is the inputs 
of nature, such as precipitation and solar radiation, which re- 
main uncontrolled and cause the stochastic nature of the outputs. 
Since the outputs can be changed only by varying the inputs or 
the system itself, the overall control problem is very complex. 
It is trifold, comprising the interactions among agricultural 
production resources, technologies, and the environment. Fur- 
ther research is required to quantify this interaction so that 
more efficient agricultural management practices can be devel- 
oped which will ensure pollution control. 
Nitrate Elimination in Municipal Water Supply 
The preceeding discussion demonstrates how far complex agri- 
cultural systems are from being controlled efficiently enough to 
prevent water pollution by nitrates from agricultural sources. 
Consequently, the water supply industry faces and will continue 
to face a nitrate problem. As nitrate is not removed through 
conventional water treatment, alternative solutions must be 
found in municipal water supply. Treatment and nontreatment 
alternatives can be distinguished. Treatment measures refer 
either to technologically supported denitrification in waters, 
especially surface waters, or to drinking water purification in 
waterworks. 
A s  t o  t h e  l a t t e r ,  Scholze  e t  a l .  ( 1978 )  cons ide r  t h r e e  b a s i c  
procedures-- 
t h e  b iochemica l -bac te r io log ica l  procedure ,  
t h e  biochemical-macrophytic prodedure,  and 
0 t h e  physico-chemical procedure 
as t h e  b e s t  a v a i l a b l e  t echno log ie s  f o r  n i t r a t e  e l i m i n a t i o n  i n  
d r ink ing  water p u r i f i c a t i o n .  They are t e c h n o l o g i c a l l y  implement- 
ed i n  water t r ea tmen t  u s ing  
anaerobic  f i l t e r s  w i th  f i l l i n g s ,  
slow sand f i l t e r s  w i th  g r a s s  cover ,  
o an ion  exchanger.  
While t h e  b iochemica l -bac te r io log ica l  t echnique  is b a s i c a l l y  
a promising procedure,  t h e r e  are s t i l l  unsolved problems. There 
is t h e  assessment o f  t h e  importance of  t o x i n s  i n  t h e  n u t r i e n t  
s o l u t i o n s  a p p l i e d  (methanol, f a t  a c i d s ) ,  as w e l l  a s  t h e  subse- 
quent  t r ea tmen t  of  t h e  anaerobic  e f f l u e n t  c o n t a i n i n g  harmful 
amcunts of  b a c t e r i a  and remainders o r  m e t a b o l i t e s  of t h e  app l i ed  
o rgan ic  carbon sou rces .  Furthermore, t h e  cont inuous  o p e r a t i o n  of 
t h e  p l a n t ,  r egene ra t ion  o f  t h e  f i l l i n g s ,  and t h e  s ludge  problems 
s t i l l  have t o  be  i n v e s t i g a t e d .  A s  i n  a l l  b i o l o g i c a l  procedures ,  
c a r e f u l  c o n t r o l  and cont inuous o p e r a t i o n  a r e  r e q u i r e d  i n  o r d e r  t o  
main ta in  t h e  popula t ion  o f  t h e  d e n i t r i f i c a n t s .  Consequently,  t h i s  
procedure  can on ly  be  s a f e l y  app l i ed  i n  l a r g e  waterworks equipped 
wi th  advanced c o n t r o l  sys tems.  
The biochemical-macrophytic procedure i s  based on t h e  capa- 
b i l i t y  of  h ighe r  p l a n t s  t o  a s s i m i l a t e  n i t r a t e  by u t i l i z i n g  s o l a r  
energy.  The p l a n t s  a r e  u s u a l l y  c u l t i v a t e d  i n  i n f i l t r a t i o n  b a s i n s  
and must be harves ted .  The e l i m i n a t i o n  r a t e  o f  such systems is  
determined by t h e  a u t o t r o p h i c  n i t r a t e  a s s i m i l a t i o n  w i t h i n  t h e  
macrophytes and t h e  n i t r a t e  d i s s i m i l a t i o n  of  t h e  h e t e r o t r o p h i c  
s o i l  b a c t e r i a .  Besides  t h e  h a r v e s t  o f  t h e  p l a n t s ,  t h e  ope ra t ion  
of t h e  system i n  t h e w i n t e r  pe r iod  is  prob lema t i ca l .  During t h i s  
t ime,  when n i t r a t e  l e a c h i n g  peaks,  t h e  macrophytes do n o t  assimi- 
l a t e  n i t rogen .  
According t o  Wiegleb (1980) ,  among t h e  physico-chemical pro- 
cedures ,  i o n  exchange has  s e v e r a l  advantages ,  even a f t e r  consider-  
i n g  e l e c t r o d i a l y s i s  and r e v e r s e  osmosis. These advantages  a re :  
e t h e  s a f e  t r ea tmen t  e f f e c t ,  
e r e l a t i v e l y  low c a p i t a l  and prime c o s t s ,  
a h igh  o p e r a t i o n  r e l i a b i l i t y ,  
t h e  p o s s i b i l i t y  o f  rea l - t ime  c o n t r o l  of 
t h e  o p e r a t i n g  system. 
Disadvantages i nc lude :  
0 t h e  ou tpu t  and subsequent  d i s p o s a l  of wastewater 
wi th  high c h l o r i d e  concen t r a t i on  from regener-  
a t i n g  t h e  i on  exchange p l a n t s ,  
t h e  low e f f i c i e n c y  i n  t r e a t i n g  raw water  w i th  
a high s u l f a t e  concen t r a t i on ,  f o r t u n a t e l y  a 
r a t h e r  unusual  procedure.  
When considering these disadvantages, it must be remembered 
that only ion exchange can be considered a safe treatment tech- 
nology for any kind of municipal water supply sources. On the 
other hand, Wiegleb (1980) estimates that the additional cost 
for nitrate elimination by ion exchange almost equals the cost 
for the complete conventional treatment of medium polluted raw 
water. 
Considering the tremendous expenses outlaid for eliminating 
nitrates in waterworks, it is worthwhile to look at the alterna- 
tive of nontreatment. A municipality can usually choose among 
three nontreatment alternatives: 
a developing an alternative supply source, 
a blending two or more water supplies, or 
connecting up with an approved water supply. 
Sorg (1979) listed the advantages and disadvantages of these 
nontreatment alternatives as shown in Table 3. 
Table 3. Nontreatment Alternatives. 
ALTERNATIVE 
Development of a 
new water supply. 
A blend of two or 
more water supplies. 
Connection to an 
approved water supply. 
ADVANTAGES 
Less expensive. 
Short time im- 
plementation. 
Less expensive. 
Short time im- 
plementation. 
Less expensive. 
Short time im- 
plementation. 
Few modifications. 
DISADVANTAGES 
Modifications to 
distribution sys- 
tem. 
Water quality 
may change. 
Extensive modifi- 
cations may be re- 
quired for blend- 
ing. 
No control over 
water supply. 
Dependent on 
another utility. 
Source: Sorg (1979). 
While the underlying assumption for the first two alternatives is 
the existence of a nitrate free supply or supply source with low 
nitrate content, the third alternative assumes the readiness of 
a municipality to give up control over its drinking water supply 
and become dependent on another utility. 
Nicholson (1979) discussed several alternatives for over- 
coming the problem of high nitrate concentrations in river waters, 
assuming that a serious problem exists only during the three month 
per iod of  autumn and w i n t e r  when a  r i v e r  reaches  an  acme o f  n i t r a t e  
concen t r a t i on .  I n  such a  s i t u a t i o n ,  b lending  might be t h e  most 
obvious p r a c t i c a l  s o l u t i o n  i n  swi tch ing  t o  a l t e r n a t i v e  sources ,  
whi le  raw water  s t o r a g e  could ensu re  t h e  supply  of low n i t r a t e  
water .  Nicholson a l s o  i n c l u d e s  b i o l o g i c a l  d e n i t r i f i c a t i o n  of 
a b s t r a c t e d  r i v e r  wate r ,  e f f e c t e d  wi th  a  technology us ing  an 
a d d i t i o n  of  a  carbon and energy source ,  such a s  methanol. The 
c o s t s  f o r  b lending  and d e n i t r i f i c a t i o n  have been e s t ima ted  and 
compared t o  t h o s e  of  i o n  exchange, assuming f u l l  i n s t a l l a t i o n  
r equ i r ed  f o r  b lending,  s t o r a g e ,  o r  t r ea tmen t .  A s  Nicholson in-  
d i c a t e s ,  no a t t empt  has  been made t o  o f f s e t  t h e  c o s t s  of  blend- 
i n g  o r  s t o r a g e  by a l lowing  f o r  b e n e f i t s ,  o t h e r  t han  c o n t r o l  o f  
n i t r a t e ,  which may accrue  from t h e  p r o v i s i o n  o f  t h e s e  f a c i l i t i e s .  
The c o s t  schemes dep ic t ed  i n  F igure  6 a r e  o n l y  c i t e d  i n  o r d e r  t o  
a l low rough comparisons t o  be drawn between t r ea tmen t  i n  water- 
works and o t h e r  measures. No d e t a i l e d  d i s c u s s i o n  of  Nicholson ' s  
s i m p l i f i e d  assumptions f o r  e s t ima t ing  t h e  c o s t s  is  made, because 
t h e  l o c a l  c o n d i t i o n s  i n  each s i t u a t i o n  may s u b s t a n t i a l l y  a f f e c t  
t h e  comparisons. 
The f i n a l  a l t e r n a t i v e  measure t o  be  t aken  when high n i t r a t e  
concen t r a t i ons  a r e  p r e s e n t  i n  municipal  water  s u p p l i e s ,  is t h e  
p rov i s ion  of  b o t t l e d  wate r  f o r  i n f a n t s .  Th i s  k ind  o f  supply can- 
n o t  be cons idered  a  r e a l  a l t e r n a t i v e  by t h e  water i n d u s t r y  because 
according t o  Nicholson (1979), " i t  beg ins  t o  c a l l  i n t o  ques t ion  
t h e  wholesomeness of wate r  s u p p l i e s  a t  o t h e r  t imes ."  Never the less ,  
it remains t h e  on ly  p r a c t i c a l  s o l u t i o n  i f  a l l  o t h e r  p o s s i b i l i t i e s  
f a i l .  
I n  c l o s i n g ,  it must be noted once more t h a t  water  p u r i f i c a -  
t i o n  technologies  f o r  n i t r a t e  e l i m i n a t i o n  cause  a  tremendous in-  
c r e a s e  i n  expend i tu re s  t o  t h e  water  i ndus t ry .  Even when neg lec t -  
i n g  t h e  long-term requirements  of  water  supply p r o t e c t i o n ,  sho r t -  
t e r m  s o c i a l  b e n e f i t s  can on ly  be r ece ived  through t h e  o v e r a l l  
c o n t r o l  system when t h e  b e n e f i t s  gained from i n t e n s i f i e d  a g r i c u l -  
t u r a l  p roduc t ion  outweigh t h e  a d d i t i o n a l  c o s t s  of  municipal  water  
supply.  
METHODS OF ANALYSIS 
This s e c t i o n  of  t h e  paper concerns  t h e  p lanning  component o f  
t h e  management subsystem conta ined  w i t h i n  t h e  o v e r a l l  c o n t r o l  
scheme dep ic t ed  i n  F igu re  3 .  For a n a l y t i c a l  purposes ,  t h i s  sub- 
system is  t hen  d iv ided  i n t o  t h r e e  c a t e g o r i e s :  water  q u a l i t y  moni- 
t o r i n g ,  water q u a l i t y  impact a n a l y s i s ,  and i n t e g r a t e d  phys ica l -  
economic a n a l y s i s  of management a l t e r n a t i v e s .  I n  accordance wi th  
t h e o v e r a l l  o b j e c t i v e  of  t h e  paper ,  t h e  subsequent d i s c u s s i o n  does 
n o t  mainly focus  on methods f o r  d e t a i l e d  a n a l y s i s  of  t h e  phys i ca l ,  
chemical ,  and b i o l o g i c a l  p rocesses  c o n s t i t u t i n g  t h e  behavior  of  
n i t rogen  i n  wa te r  r e sou rces .  I t  i s  r a t h e r  in tended  t o  show how 
such means as monitor ing and modeling can suppor t  t h e  d e c i s i o n  
making process  i n  n i t r a t e  wate r  p o l l u t i o n  c o n t r o l  management wi th  
? a r t i c u l a r  r e f e r e n c e  t o  nonpoint  source  p o l l u t i o n .  
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Figure 6. Estimated costs for three months operation per annum of management 
alternatives. (Source: Nicholson, 1979.) 
Since  t h e  management and c o n t r o l  of  wate r  p o l l u t i o n  depends 
f i r s t  o f  a l l  on an a p p r o p r i a t e  assessment  of  t h e  s t a t e  of  t h e  
water  q u a l i t y ,  t h e  d i s c u s s i o n  beg ins  wi th  water  q u a l i t y  moni tor ing.  
I t  is  based on t h e  fo l lowing  d e f i n i t i o n  of  t h i s  p roces s  given by 
t h e  U.S. Environmental P r o t e c t i o n  Agency (Meyer, 1973):  
Monitoring o f  water  q u a l i t y  might be de f ined  a s  a  
s c i e n t i f i c a l l y  designed program o f  con t inu ing  sur- 
v e i l l a n c e ,  i n c l u d i n g  d i r e c t  sampling and remote 
q u a l i t y  measurements, inventory  o f  e x i s t i n g  and 
p o t e n t i a l  causes  o f  change, and a n a l y s i s  o f  t h e  
cause  o f  p a s t  q u a l i t y  changes and p r e d i c t i o n  o f  
t h e  n a t u r e  of  f u t u r e  q u a l i t y  changes.  
Two a s p e c t s  o f  t h i s  d e f i n i t i o n  a r e  unusua l ly  i n t e r e s t i n g .  
F i r s t ,  when cons ide r ing  moni tor ing i n  a  wate r  p o l l u t i o n  c o n t r o l  
management c o n t e x t ,  ambient t r e n d  and p o l l u t i o n  sou rce  moni tor ing 
should be inc luded .  Second, t h e  d e f i n i t i o n  a l s o  encompasses wa- 
ter  q u a l i t y  impact a n a l y s i s  i n  o r d e r  t o  promote an unders tanding 
o f  wate r  q u a l i t y  changes a s  space  and t i m e  dependent p roces ses .  
A thorough g r a s p  of t h i s  concept  and i t s  mathematical  d e s c r i p t i o n  
is  o b l i g a t o r y  f o r  proper  u se  i n  f o r e c a s t i n g .  The problem of  
e f f e c t u a l  management of  t h e  d a t a  accrued i n  t h e  moni tor ing  pro- 
c e s s  must a l s o  be  taken  i n t o  account .  From t h e  p o i n t  o f  view o f  
moni tor ing,  n i t r a t e  is,  of  course ,  o n l y  one among numerous wate r  
q u a l i t y  v a r i a b l e s .  The d i s c u s s i o n  t h e r e f o r e  focuses  more on 
methodological  a s p e c t s  of  water  q u a l i t y  moni tor ing than  on n i t r a t e  
moni tor ing i t s e l f .  
Although t h e r e  a r e  methodological  approaches f o r  cons ide r ing  
d a t a  a n a l y s i s ,  some even us ing  advanced mathematical  models, t h e  
methods a r e  s t i l l  cons idered  on ly  a s  s p e c i f i c  a c t i v i t i e s  of  moni- 
t o r i n g  (Zwirnmann, 1977; Ward, 1979) .  However, modeling has  v i r -  
t u a l l y  become an independent f i e l d  o f  a n a l y s i s  t o  be p a r t i c u l a r l y  
d i scus sed .  The t y p i c a l  o b j e c t i v e s  o f  models d e s c r i b i n g  environ- 
mental impacts of n i t r o g e n  f e r t i l i z a t i o n  i n  c rop  produc t ion  in-  
c lude  e s t i m a t i n g  n i t rogen  l o s s e s  o r  l oad ings  from cropland  t o  
water  bodies ,  a s s e s s i n g  wate r  q u a l i t y  impacts o f  n i t r o g e n  load ings ,  
and determining economic e f f e c t s  o f  c o n t r o l  p r a c t i c e s .  
Accordingly,  Haith (1980) d iv ided  models i n t o  t h e  fo l lowing  
c a t e g o r i e s :  
0 chemical  and sediment l oad ing  models, 
water  q u a l i t y  impact models, 
a g r i c u l t u r a l  p lanning  and management models. 
Models of  t h e  f i r s t  and t h i r d  ca t ego ry  have been desc r ibed  else- 
where ii3aith, 1980; F r i s s e l  and Van Veen, forthcoming; Golubev 
and Shvytov, 1980) and need n o t  be d i s c u s s e d  he re .  The second 
type  of  models is a p r i o r i  n o t  unique t o  nonpoint  sou rces  s i n c e  
it i s i n  g s n e r a l  des igned t o  d e s c r i b e  t h e  response of  a  wate r  body 
t o  any k ind  of p o l l u t i o n .  The ques t ion  of how t h e s e  models can 
be tmployed i n  water  q u a l i t y  management p lanning  i n  r e g i o n s  where 
nonpoint  sou rce  p o l l u t i o n  is s i n g u l a r l y  impor tan t  t h e r e f o r e  ho lds  
i n t e r e s t  i n  t h e  ensuing d i s c u s s i o n .  The i r  i n t e g r a t i o n  wi th  eco- 
nomic planning models app l i ed  a t  a  h ighe r  l e v e l  o f  d e c i s i o n  mak- 
i n g  c o n s t i t u t e s  a  second t o p i c .  The viewpoint  adopted throughout 
i s  t h a t  l and  use  management remains t h e  most e f f e c t i v e  p o l l u t i o n  
c o n t r o l  a l t e r n a t i v e  i n  t h e  long run.  
I n  pursu ing  t h i s  concept  t h e  d i s c u s s i o n  does  n o t ,  of course ,  
aim a t  any s t a t e - o f - t h e - a r t  a n a l y s i s  o f  wate r  q u a l i t y  modeling. 
Rather ,  it provides  p re l imina ry  in format ion  on models developed 
a t  s e v e r a l  i n s t i t u t i o n s  c o l l a b o r a t i n g  wi th  t h e  Resources and 
Environment Area o f  IIASA. One except ion  i s  t h e  d i s c u s s i o n  on 
modeling n i t r a t e  p o l l u t i o n  of groundwater systems,  which i s  
l a r g e l y  based on a  model review conducted by t h e  a u t h o r  f o r  a  
l e c t u r e  on groundwater q u a l i t y  modeling (Zwirnmann, 1979).  
Water Qua l i t y  Monitoring 
According t o  WHO (1977) ,  a  b a s i c  requirement  i n  e s t a b l i s h i n g  
a  system o f  s a fegua rds  f o r  wate r  supply  is  a moni tor ing network 
which a s c e r t a i n s  t h e  wate r  q u a l i t y  s t a t e .  T h i s  ensu re s  t h a t  t h e  
wate r  q u a l i t y r e m a i n s  s a f e  and s u i t a b l e  f o r  t h e  r e q u i r e d  purposes.  
Langbein (1977),  i n  overviewing a  conference  on hydro log ic  d a t a  
networks, drew conc lus ions  h i g h l i g h t i n g  some b a s i c  concerns  o f  
t h i s  paper .  H e  s t a t e d :  
Looked a t  a long  d i f f e r e n t  l i n e s ,  t h e  conference  d e a l t  
w i th  s u b j e c t  m a t t e r  i n  t h i s  o rde r :  q u a n t i t y  of  p rec i -  
p i t a t i o n ,  s t reamflow,  wate r  q u a l i t y ,  and groundwater, 
b u t  w i th  v i r t u a l l y  no a t t e n t i o n  p a i d  t o  s o i l  mois ture  
o r  t o  q u a l i t y  o f  p r e c i p i t a t i o n .  I n  c o n t r a s t  t o  p rec i -  
p i t a t i o n  and s t reamflow t h e  t r ea tmen t  o f  wate r  q u a l i t y  
and groundwater appeared rudimentary.  Th i s  o r d e r  re- 
f l e c t s  no more than  r e c e n t  h i s t o r y  i n  working wi th  d a t a  
programs and n o t  t h e  hydro log ic  o r  economic importance. 
... W e  need b read th  r a t h e r  t han  deeper  p e n e t r a t i o n  o f  
o l d e r  s u b j e c t s  . 
It seems worthwhile t o  c o n s i d e r  more thoroughly t h e  shortcomings 
found by Langbein, perhaps  t he reby  f u r t h e r i n g  t h e  p rospec t s  f o r  
t h e i r  r e s o l u t i o n .  
Methodology 
T i n l i n  and E v e r e t t  (1978) proposed a  groundwater q u a l i t y  
moni tor ing  s t r a t e g y  encompassing 15 procedura l  s t e p s  t o  be  f o l -  
lowed i n  ch rono log ica l  o r d e r .  The s t epwise  procedure  c o n s i d e r s  
both  ambient t r e n d  and sou rce  moni tor ing,  b u t  stresses t h e  l a t t e r .  
This  makes it s u i t e d ,  wi th  some a d a p t a t i o n s ,  t o  t h e  concern of  
t h i s  paper .  The s t e p s  a r e  l i s t e d  a s  fo l lows:  
S t e p  1 -- S e l e c t  a r e a  of b a s i n  f o r  moni tor ing.  
S t e p  2 -- I d e n t i f y  p o l l u t i o n  sou rces ,  causes  and 
methods o f  p o l l u t a n t  d i s p o s a l .  
S t e p  
S t e p  
S t ep  
S t ep  
S t e p  
S t e p  
S t ep  
S t e p  
S t e p  
S t e p  
S t e p  
S t e p  
S t e p  
I d e n t i f y  p o t e n t i a l  p o l l u t a n t s .  
Define wate r  usage.  
Define hydrometeorologic,  hydro log ic ,  
and hydrogeologic  s i t u a t i o n .  
Study e x i s t i n g  wate r  q u a l i t y .  
Eva lua te  i n f i l t r a t i o n  p o t e n t i a l  f o r  
p o l l u t a n t s  a t  t h e  l a n d  s u r f a c e .  
Evaluate  m o b i l i t y  o f  p o l l u t a n t s  from 
t h e  l a n d  s u r f a c e  t o  t h e  water  supply  
sou rces .  
Eva lua te  a t t e n u a t i o n  of p o l l u t a n t s  i n  
t h e  water supply sou rces .  
P r i o r i t i z e  sou rces  and causes .  
Eva lua te  e x i s t i n g  moni tor ing programs. 
E s t a b l i s h  a l t e r n a t i v e  moni tor ing approaches.  
S e l e c t  and implement t h e  moni tor ing  
program. 
Review and i n t e r p r e t  moni tor ing r e s u l t s .  
Summarize and t r a n s m i t  moni tor ing  in format ion .  
The f i r s t  f o u r  s t e p s  i d e n t i f y  t h e  purpose of  a p a r t i c u l a r  
moni tor ing program. They are de f ined  a t  t h e  o u t s e t  o f  a  p o l l u t i o n  
c o n t r o l  program as they  c o n s t i t u t e  t h e  b a s i s  f o r  fo rmula t ing  t h e  
c o n t r o l  o b j e c t i v e s .  For example, t h e  d i s c u s s i o n  i n  S e c t i o n  I1 
on n i t r o g e n  and wate r  r e sou rces  has  e s s e n t i a l l y  been based on 
such a  concept .  Some a d d i t i o n a l  comments on t h e  s u b j e c t  would 
be u s e f u l  now. 
Spec i fy ing  t h e  r eg ion  t o  be monitored i s  u s u a l l y  done ac- 
cord ing  t o  t h e  j u r i s d i c t i o n  o f  t h e  management agency. S ince  t h e  
agency might be  s t r u c t u r e d  accord ing  t o  p o l i t i c a l  d i s t r i c t s ,  it 
might be necessary  t o  d i v i d e t h e . j u r i s d i c t i o n  i n t o  smaller a r e a s  
f o r  physiographic  reasons  o r  t h e  requirements  o f  d a t a  u t i l i z a -  
t i o n  methods. Water usage i s  a  key f a c t o r  i n  developing p r i o r i -  
t ies  f o r  moni tor ing needs.  I n  t h i s  paper,  t h e  a p r i o r i  i n t e r e s t  
i s  d r i n k i n g  wate r ,  f o r  which i n t e n s i v e  moni tor ing i s  g e n e r a l l y  
deemed necessary .  While t h e  second a p r i o r i  c o n s i d e r a t i o n  re- 
s t r l c t s  t h e  p a p e r ' s  concern t o  n i t r a t e  as t h e  p o t e n t i a l  po l lu -  
t a n t ,  it should be noted t h a t  t h e r e  are a  number o f  o t h e r  com- 
ponents,  such as phosphorus and p e s t i c i d e s ,  which must b e  i n  
a g r i c u l t u r a l  nonpoint  p o l l u t i o n .  Chlor ide ,  as a good i n d i c a t o r  
of  t h e  e x t e n t  o f  n i t r a t e  p o l l u t i o n ,  must a l s o  be t aken  i n t o  
account .  Moreover, i f  p o l l u t i o n  sou rces  o t h e r  t han  a g r i c u l t u r a l  
ones a r e  involved,  a s  is  u s u a l l y  t h e  ca se ,  it might be  necessary  
t o  i s o l a t e  an  accompanying c o n s t i t u e n t  n o t  found i n  t h e  o t h e r  
sources .  A s  t o  s t e p  2 ,  i no rgan ic  f e r t i l i z e r s  have been i d e n t i -  
f i e d  a s  t h e  primary p o l l u t i o n  source ,  a l though  o t h e r  sou rces  
c o n t r i b u t e  t o  n i t r a t e  p o l l u t i o n  as we l l .  I n  c o n s i d e r i n g  monitor- 
i n g  a s  a  means of p o l l u t i o n  c o n t r o l ,  it i s  extremely impor tan t  
t o  i d e n t i f y  q ~ a n t i t a t i v e l y  t h e  r e l a t i v e  c o n t r i b u t i o n  o f  t h e s e  
sou rces .  Only i n  t h i s  way can t h e  management agency p r i o r i t i z e  
sources  and causes  a s  de f ined  i n  s t e p  10. 
Implementation of  Monitoring Programs 
Having completed s t e p  10, t h e  monilzoring programs ( s t e p s  
11 t o  15 ) .  need t o  be implemented. I n  o r d e r  t o  suppor t  water 
p o l l u t i o n  c o n t r o l  by management agenc ie s ,  moni tor ing must have 
a r e g u l a t o r y  func t ion .  S ince  Ward (1979) has  developed an ap- 
proach which comprehensively add res se s  gene ra l  moni tor ing  i s s u e s  
of  i n t e r e s t  t o  t h i s  paper ,  h i s  method is summarized: 
Regulatory water q u a l i t y  moni tor ing has  evolved t o  
t h e  p o i n t  where it is a  r a t h e r  complex system en- 
compassing many moni tor ing purposes and invo lv ing  
many moni tor ing a c t i v i t i e s .  Lack of  a  sys t em ' s  
p e r s p e c t i v e  of  r e g u l a t o r y  moni tor ing h inde r s  t h e  
development o f  e f f e c t i v e  and e f f i c i e n t  moni tor ing 
programs t o  suppor t  w a t e r  q u a l i t y  management. 
Ward d i s t i n g u i s h e s  two g e n e r a l  c l a s s i f i c a t i o n s  o f  moni tor ing 
purposes .  The f i r s t ,  t h e  l e g a l  c l a s s i f i c a t i o n ,  relates t h e  pur- 
poses t o  t h e  " l o c a t i o n "  o f  t h e  water t o  be  monitored.  For ex- 
ample, l a w s  such a s  t h e  Federa l  Water Q u a l i t y  A c t  (U.S.P.L. 
89-234), t h e  Federa l  Water P o l l u t i o n  Cont ro l  A c t  Amendments 
(U.S.P.L. 92-500), o r  t h e  S a f e  Drinking Water A c t  (U.S.P.L. 
93-523), have e s t a b l i s h e d  t h e  need f o r  r o u t i n e l y  moni tor ing  w a t e r  
q u a l i t y  i n  t h r e e  g e n e r a l  " l o c a t i o n s " :  s u r f a c e  wate r ,  groundwater, 
and e f f l u e n t s .  Each o f  t h e  d i f f e r e n t  l o c a t i o n s  r e q u i r e s  a spe- 
c i f i c  moni tor ing system. The second c l a s s i f i c a t i o n  arises from 
d i f f e r e n t  d a t a  needs.  While t h e r e  i s  a  need t o  o b t a i n  t r e n d s  
(means) i n  wate r  q u a l i t y  f o r  management func t ions  such as plan- 
n ing ,  t h e r e  i s  a l s o  a need t o  o b t a i n  extremes i n  wate r  q u a l i t y  
f o r  o t h e r  func t ions ,  such as o p e r a t i o n a l  c o n t r o l  o r  enforcement 
o f  w a t e r  q u a l i t y  s t anda rds .  
The l e g i s l a t i v e  a c t i v i t y  i n  t h e  United S t a t e s  c i t e d  above 
h a s  r e s u l t e d  i n  r o u t i n e  moni tor ing programs f o r  s u r f a c e  wa te r ,  
groundwater,  and e f f l u e n t s  from p o i n t  sources .  With r ega rd  t o  
nonpoint  p o l l u t i o n  c o n t r o l ,  emphasis has  been placed on s p e c i a l  
surveys  scheduled on a p e r i o d i c  b a s i s .  Add i t i ona l ly ,  unscheduled 
surveys  a r e  o f t e n  conducted f o r  f u t u r e  r e g u l a t o r y  a c t i o n s  i n  any 
type  of  p o l l u t i o n  c o n t r o l .  ' Thus, Ward (1979) has i d e n t i f i e d  f i v e  
gene ra l  purposes o f  r e g u l a t o r y  monitoring:  
r o u t i n e  s u r f a c e  water monitor ing,  
r o u t i n e  groundwater moni tor ing,  
a r o u t i n e  e f f l u e n t  moni tor ing,  
a s p e c i a l  surveys  scheduled on a p e r i o d i c  b a s i s ,  
s p e c i a l  surveys  performed du r ing  a p o l l u t i o n  even t .  
A s  a l s o  d i scussed  e lsewhere  (Zwirnmann, 1977; Zwirnmann e t  
a l . ,  1980) ,  moni tor ing purposes r e p r e s e n t  on ly  one dimension o f  
a moni tor ing system. 
A second impor tan t  dimension i s  t h a t  a s s o c i a t e d  wi th  opera- 
t i o n a l  a c t i v . i t i e s  involved i n  t h e  a c q u i s i t i o n  and u t i l i z a t i o n  of 
d a t a .  According t o  Ward (1979) ,  d a t a  a c q u i s i t i o n  c o n s i s t s  of  
network des ign ,  sample c o l l e c t i o n ,  and l a b o r a t o r y  a n a l y s i s ,  i n  
t h a t  o r d e r .  There i s  no doubt t h a t  des ign ing  a  d a t a  a c q u i s i t i o n  
system is  d i f f i c u l t .  I n  t h e  p a s t ,  much r e s e a r c h  and ope ra t ion  
e f f o r t s  have been devoted t o  t h a t  s u b j e c t .  However, an even lar-  
g e r  problem i n  e s t a b l i s h i n g  a  sound d a t a  a c q u i s i t i o n  system w i t h i n  
a  moni tor ing program, i s  t h e  need f o r  ach iev ing  an adequate  l e v e l  
of  d a t a  u t i l i z a t i o n .  
The main f u n c t i o n  o f  t h i s  p rocess  i s  t o  conve r t  o b j e c t i v e  
p i eces  of  d a t a  i n t o  in format ion  which i s  t hen  used i n  a  r a t h e r  
s u b j e c t i v e  manner t o  a s s i s t  d e c i s i o n  makers (Ward, 1979) . Hence, 
it involves  two b a s i c  s t e p s .  F i r s t ,  a p p r o p r i a t e  d a t a  s t o r a g e  
must provide ea sy  r e t r i e v a l  and manipulat ion of d a t a .  Second, 
t h e  d a t a  a n a l y s i s  t echniques  chosen must g e n e r a t e  in format ion  
meeting two major requirements .  These are: 
o matching t h e  a b i l i t y  o f  d a t a  t o  y i e l d  in format ion  
wi th  conf idence ,  
a matching t h e  e x p e c t a t i o n s  o f  t h e  d e c i s i o n  makers. 
T rans l a t ed  i n t o  more p r a c t i c a l  t e r m s ,  d a t a  u t i l i z a t i o n  con- 
sists of t h r e e  major a c t i v i t i e s ,  namely d a t a  hand l ing ,  d a t a  analy- 
sis, and in format ion  u t i l i z a t i o n .  
The s i x  a c t i v i t i e s  i d e n t i f i e d  i n  t h e  process  o f  d a t a  a c q u i s i -  
t i o n  and u t i l i z a t i o n  are shown i n  t h e i r  o p e r a t i o n a l  s e t t i n g  (F ig .  
7 ) .  A s  can be seen ,  t h e  o p e r a t i o n a l  a c t i v i t i e s  l i n k  t h e  water  
q u a l i t y  t o  t h e  r e s p e c t i v e  d e c i s i o n  making process .  The major 
a c t i v i t i e s  dep ic t ed  i n  F igure  6 encompass numerous s u b a c t i v i t i e s  
o r  f u n c t i o n s .  For example, network des ign  r e q u i r e s  t h e  d e t e r -  
minat ion o f  t h e  l o c a t i o n  o f  sample s t a t i o n s ,  t h e  parameters  t o  
be monitored,  and t h e  sampling frequency.  I n  F igu re  8, t h e  i n -  
t e r a c t i o n  of  t h e  two dimensions of moni tor ing,  i t s  purposes and 
a c t i v i t i e s ,  a r e  v i s u a l i z e d  i n  a  moni tor ing system m a t r i x  a s  pro- 
posed by Ward (1979) .  This  mat r ix ,  c r e a t i n g  some t h i r t y  major 
cornbinations o f  moni tor ing  purposes and a c t i v i t i e s ,  can s e r v e  a s  
a  d e c i s i o n  framework f o r  a l l o c a t i n g  t h e  r e sou rces  (e.g. ,  money, 
personne l )  of  an agency i n  des ign ing  p o l l u t i o n  c o n t r o l  moni tor ing 
systems. 
EeEore concluding t h e  d i s c u s s i o n  on w a t e r  q u a l i t y  moni tor ing.  
it must be  remembered t h a t  s t e p s  5 through 9  o f  t h e  moni tor ing  
methodology must s t i l l  b e  d e a l t  wi th .  Car ry ing  o u t  t h i s  p a r t  of 
t h e  methodology provides  an a c c u r a t e  d e s c r i p t i o n  of  t h e  phys i ca l  
s e t t i n g  i n  which t h e  moni tor ing program w i l l  o p e r a t e .  S t eps  5 
and 6 h e l p  t o  q u a n t i f y  t h e  p o l l u t i o n  p o t e n t i a l ,  mob i l i t y ,  and 
a t t e n u a t i o n  of p o l l u t a n t s .  For example, c o n s i d e r i n g  n i t r a t e  
l each ing  a s  d e p i c t e d  i n  F igure  1  would r e q u i r e  e v a l u a t i o n  o f  t h e  
i n f i l t r a t i o n  p o t e n t i a l  o f  n i t r o g e n  i n t o  s o i l  a s  w e l l  as t h e  mo- 
b i l i t y  of  n i t r o g e n  i n  t h e  unsa tu ra t ed  zone, and t h e  a t t e n u a t i o n  
of n i t r a t e  i n  t h e  s a t u r a t e d  zone of t h e  groundwater system. 
Mathematical a n a l y s i s  and modeling have become of  g r e a t  importance 
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Figure  7 .  Water q u a l i t y  moni tor ing  a c t i v i t i e s  i n  a  
d e c i s i o n  making c o n t e x t .  
(Source: Ward, 1 9 7 9 . )  
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i n  d e a l i n g  wi th  t h e  wate r  q u a l i t y  impact a n a l y s i s  making up s t e p s  
seven through n ine .  
Water Q u a l i t y  Impact Analysis  
A water  management agency needs a t  l e a s t  t h r e e  t ypes  of  in-  
format ion be fo re  s t r a t e g i c  planning d e c i s i o n s  f o r  p o l l u t i o n  con- 
t r o l  can be  taken .  These informat ion needs a r e :  
e i d e n t i f i c a t i o n  of t h e  r e l a t i v e  importance o f  n i t r o -  
gen sou rces  and t h o s e  supply sou rces  most a t  r i s k  
from n i t r a t e  p o l l u t i o n ,  
p r e d i c t i o n s  of  l i k e l y  f u t u r e  l e v e l s  of  n i t r a t e  con- 
c e n t r a t i o n  i n  supply sources ,  
i d e n t i f i c a t i o n  o f  imp l i ca t ions  t o  water supply 
development p l ans  by a s s e s s i n g  t h e  e f f e c t s  of  
management a l t e r n a t i v e s  t o  be  taken .  
Seve ra l  methods of  mathematical  a n a l y s i s  and modeling are 
a v a i l a b l e  f o r  p rov id ing  such informat ion.  Some o f  t h e s e  models 
used f o r  management purposes w i l l  be  desc r ibed ,  a l though  with- 
o u t  a t t empt ing  t o  develop a  comprehensive t h e o r e t i c a l  framework. 
A f t e r  focus ing  on t h e  modeling of  n i t r a t e  p o l l u t i o n  of ground- 
wate r  r e sou rces ,  an  example s tudy  on modeling n i t r a t e  p o l l u t i o n  
i n  a complex wate r  r e sou rce  system w i l l  be  d i scussed .  
Modeling N i t r a t e  P o l l u t i o n  of Groundwater Resources 
A s  e v i d e n t  from t h e  l i t e r a t u r e ,  groundwater q u a l i t y  modeling 
i n  gene ra l  is  s t i l l  i n  a  developmental s t a g e .  T r a n s l a t i n g  t h e  
d i s c u s s i o n  of Sec t ion  I1 i n t o  modeling t e r m s ,  a  flow model must 
be  coupled t o  a  wate r  q u a l i t y  model i n  o r d e r  t o  p r e d i c t  t h e  con- 
c e n t r a t i o n  of  p o l l u t a n t s  i n  an a q u i f e r .  Such coupled flow-water 
q u a l i t y  models are u s u a l l y  c l a s s i f i e d  a s  d i s t r i b u t e d  parameter 
models o r  lumped parameter models. Seve ra l  models o f  t h e  f i r s t  
t ype  k3ve even been used f o r  p r e d i c t i n g  t h e  e f f e c t s  o f  a l t e r n a -  
t i v e  management s t r a t e g i e s  f o r  p o i n t  p o l l u t i o n  c o n t r o l ,  b u t  it 
i s  d i f f i c u l t  t o  t r u s t  complete ly  t h e  p r e d i c t i o n s .  The two major 
reasons  are f i r s t ,  t h e  u n c e r t a i n t i e s  involved i n  de te rmin ing  t h e  
i n p u t  d a t a ,  p a r t i c u l a r l y  d i s p e r s i v i t i e s ,  and second, t h e  numerical  
d i f f i c u l t i e s  i n  s o l v i n g  t h e  b a s i c  equa t ions .  However, wh i l e  t h e r e  
i s  a  need f o r  complex d i s t r i b u t e d  parameter models o f  t h e  advect ion-  
d i s p e r s i o n  type  i n  d e t a i l e d  s t u d i e s  o f  p o l l u t a n t  mig ra t ion  from 
p o i n t  sources ,  t h e r e  i s  a l s o  a  need f o r  s imp le r  conceptua l  and 
o p e r a t i o n a l  nonpoint  source  p o l l u t i o n  models f o r  use  i n  r e g i o n a l  
s i z e  problems. For  example, Gillham e t  a l .  (1978)  concluded 
t h a t  t h e  a p p l i c a t i o n  o f  advec t ion-d ispers ion  models t o  t h e  s tudy  
of  n o n p o i n t n i t r a t e w a t e r  p o l l u t i o n  "may n o t  be a  u s e f u l  endeavor." 
Lumped parameter  models n e g l e c t i n g  t h e  d i s p e r s i o n  phenomena 
have been s u c c e s s f u l l y  used i n  modeling nonpoint  source  p o l l u t i o n  
of groundwater systems when s p a t i a l l y  averaged c o n c e n t r a t i o n  
va lues  a r e  an a p p r o p r i a t e  ou tpu t ,  as i s  o f t e n  t h e  c a s e  i n  plan- 
ning and management. L ike  t h e  d i s t r i b u t e d  parameter  models, 
lumped parameter models a r e  based on a mass balance  c a l c u l a t i o n .  
But i n s t e a d  o f  modeling a  series o f  c e l l s ,  t h e  e n t i r e  modeled 
a r e a  i s  r ep re sen ted  by what i n  essence  i s  a  s i n g l e  c e l l  f o r  which 
mass ba lance  equa t ions  f o r  water  flow and p o l l u t a n t  movement are 
w r i t t e n .  This  concept  is  q u i t e  s i m i l a r  t o  t h e  concept  of  a  w e l l -  
mixed l i n e a r  r e s e r v o i r  where ou t f low water  c o n t a i n s  p o l l u t a n t s  a t  
t h e  same concen t r a t i ons  as t h e  r e s e r v o i r .  F igure  9  i s  an a t t empt  
t o  d e p i c t  s chema t i ca l ly  t h e  most important  f e a t u r e s  of  t h e  d i f f e r -  
e n t  model t ypes  d i s c u s s e d  above. 
A t  p r e s e n t ,  on ly  r e l a t i v e l y  s imple  chemical p roces ses  such 
as  adso rp t ion  and r a d i o a c t i v e  decay have been cons idered  by most 
p o l l u t a n t  t r a n s p o r t  models. Re fe r r ing  t o  n i t r a t e  p o l l u t i o n  o f  
groundwater resources ,Kaufman(l974)  noted t h a t  
... al though t h e  l i t e r a t u r e  is  r e p l e t e  w i th  c a s e  s t u d i e s  
d e a l i n g  wi th  t h e  occur rence  of n i t r a t e  p o l l u t i o n ,  and 
t h e  gene ra l  t heo ry  o f t h e n i t r o g e n  c y c l e  i n  n a t u r e  h a s  
been understood f o r  many decades,  t h e  coupl ing  o f  t h e o r y  
and f i e l d  exper ience  i n  a  manner t o  permit  t h e  engi- 
nee r ing  of  management systems is  s a d l y  l ack ing .  
I n  t h e  meantime, s e v e r a l  a t t e m p t s  have been made t o  overcome 
t h i s  s i t u a t i o n .  The t h r e e  a t t empt s  d i scus sed  below, w i th  r e f e r -  
ence t o  t h e  t h r e e  b a s i c  in format ion  needs l i s t e d  p rev ious ly ,  show 
t h e  progress  made. 
Reeves (Cen t r a l  Water Planning Uni t ,  1977) analyzed n i t r a t e  
p o l l u t i o n  of wate r  r e sou rces  on a  n a t i o n a l  b a s i s  f o r  England and 
Wales, g i v i n g  p a r t i c u l a r  a t t e n t i o n  t o  groundwater. The e n t i r e  
s tudy  a r e a  encompasses 60 hydrometr ic  a r e a s .  There are two ma- 
j o r  a q u i f e r s ,  t h e  Chalk and t h e  Permo-Triassic sands tone  a q u i f e r s .  
Four major n i t r o g e n  sou rces  were c o n s i d e r e d - - r a i n f a l l ,  a tmospher ic  
f i x a t i o n ,  animal and human was tes ,  and ino rgan ic  f e r t i l i z e r s .  
The s tudy  uses  a  mass ba lance  approach n o t  on ly  t o  q u a n t i f y  t h e  
amount o f  mobile n i t rogen  leached from t h e  s o i l  i n t o  s u r f a c e  
wate r  and groundwater, b u t  a l s o  t o  p r e d i c t  t h e  s e n s i t i v i t y  o f  t h e  
leac \ed  m a t e r i a l  t o  changes i n  t h e  v a r i o u s  i n p u t  sou rces  o f  n i -  
t rogen  t o  t h e  s o i l .  The model a p p l i e d  was d iv ided  i n t o  two p a r t s ,  
a  s o i l  l e ach ing  model and an a q u i f e r  recharge  model. While t h e  
f i r s t  p rov ides  an estimate of leached n i t r o g e n ,  t h e  second com- 
b i n e s  n i t r o g e n  and wa te r ,  imposing d e l a y s  i n  t r a n s i t ,  and repre-  
s e n t i n g t h e d i l u t i o n  e f f e c t s  of  a q u i f e r  s t o r a g e .  The l e a c h i n g  
p a r t  o f t h e  model is shown i n  F igu re  10. A l l  proces ses  d e p i c t e d  
i n  t h i s  f i g u r e  and a l s o  t h o s e  o f  t h e  a q u i f e r  recharge  model, a r e  
modeled by a series of  empi r i ca l  equa t ions .  These were so lved  
f o r  more than  6000 e lements  r e p r e s e n t i n g  t h e  a r e a  under cons ider -  * 
a t i o n  and use  a one y e a r  t ime-s tep  f o r  t h e  per iod  between 1938 
and 1972. The model s imu la t ion  f o r  o b t a i n i n g  r e g i o n a l  t r e n d s  
and d i f f e r e n c e s  a g r e e s c l o s e l y  wi th  observed n i t r a t e  l e v e l s  and 
t r e n d s  i n  a q u i f e r s .  
While Reeves (1977) on ly  used h i s  model t o  i d e n t i f y  t h e  
n i t r a t e  l each ing  p o t e n t i a l  of  s o i l s ,  o r  i n  o t h e r  words, t o  iden- 
t i f y  t h o s e  r e g i o n s  where supply sources  a r e  most a t  r i s k  from n i -  
t r a t e  p o l l u t i o n ,  Young e t  a l .  (1979) went a  s t e p  f u r t h e r  by study- 
ing t h e  impact of a g r i c u l t u r a l  p r a c t i c e s  on t h e  n i t r a t e  c o n t e n t  
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Figure 9. Types of groundwater quality models. 
(Source: Damrath et al., 1979.) 
Figure 10. Schematic representation of a mass balance 
model for nitrogen leaching from the soil. 
(Source: ~eeves, 1977. ) 
of groundwater i n  t h e  p r i n c i p a l  a q u i f e r s  o f  t h e  United Kingdom. 
S i m i l a r  t o  Reeves' approach, t h e  model i s  s t r u c t u r e d  i n t o  a  ver-  
t i c a l  f low model and a  catchment model. The f i r s t  model d e s c r i b e s  
n i t r a t e  l each ing  from t h e  s o i l  w i th  a  r a t e  t h a t  depends on t h e  in-  
f i l t r a t i o n  and pore  wate r  c o n t e n t  of t h e  rock,  t a k i n g  i n t o  account  
l and  use  h i s t o r y  and f e r t i l i z e r  a p p l i c a t i o n  r a t e s  f o r  t h e  simu- 
l a t i o n  pe r iod .  A model r e f e r r e d  t o  a s  t h e  catchment model moni- 
t o r s  n i t r a t e  movement i n  t h e  s a t u r a t e d  zone of  t h e  a q u i f e r  and 
uses  t h e  leached  n i t r a t e  genera ted  by t h e  v e r t i c a l  f low model 
a s  i npu t .  I n  f a c t ,  t h i s  model i s  one of  a  f u l l y  mixed s i n g l e  
cel l  t ype  model. The catchment a r e a  was s t r u c t u r e d  i n t o  500 m 
and 500 meter squa re s  and t h e  model was run from t h e  y e a r  1800 
up t o  t h e  y e a r  2000, assuming p r e s e n t  l e v e l s  of  f e r t i l i z e r  a p p l i -  
c a t i o n  w i l l  be maintained i n  t h e  f u t u r e .  A t y p i c a l  model o u t p u t  
f o r  one catchment i s  shown i n  F igure  11, where a  r a t h e r  good 
agreement e x i s t s  between t h e  p r e d i c t i o n s  and t h e  few a v a i l a b l e  
measured va lues .  The model p r e d i c t i o n s  w e r e  found t o  be  r e l a -  
t i v e l y  i n s e n s i t i v e  t o  f u t u r e  t r e n d s  i n  l and  use  and f e r t i l i z e r  
a p p l i c a t i o n ,  because of  t h e  long  t r a n s i t  pe r iod  ( t y p i c a l l y  25 t o  
30 y e a r s )  through t h e  unsa tu ra t ed  zone i n  t h e  catchment i n  F igu re  
11. This  might be even more impor tan t  i n  a  management c o n t e x t  
than  t h e  exces s ive  rise of  t h e  n i t r a t e  c o n c e n t r a t i o n  because it 
c l e a r l y  i l l u s t r a t e s t h e m a i n  f e a t u r e  of  groundwater p o l l u t i o n  
c o n t r o l ,  i n  gene ra l  t h e  slow response  o f  t h e  system t o  be 
c o n t r o l l e d .  
Another comprehensive s tudy  on n i t r a t e  p o l l u t i o n  c o n t r o l  
and management of groundwater systems w a s  conducted by Mercado 
(1976).  This  s tudy  goes s e v e r a l  s t e p s  f u r t h e r  t han  th.e two o t h e r  
s t u d i e s ,  because it c o n s i d e r s  t h e  u n c e r t a i n t i e s  involved i n  t h e  
model p r e d i c t i o n s  and uses  t h e  model f o r  i n v e s t i g a t i n g  d i f f e r e n t  
management a l t e r n a t i v e s  f o r  p o l l u t i o n  c o n t r o l .  The r e s u l t  o f  
t h i s  approach i s  an o u t p u t  o f  in format ion  which l a r g e l y  f u l f i l l s  
t h e  p rev ious ly  s t a t e d  requi rements ,  such a s  matching t h e  a b i l i t y  
of  d a t a  t o  y i e l d  in format ion  wi th  conf idence and matching t h e  
e x p e c t a t i o n s  of  d e c i s i o n  makers. 
Fercado (1976) a l s o  used a  s i n g l e  cel l  model which i n t e g r a t e s  
p o l l u t i o n  sources  on t h e  land  s u r f a c e ,  hydro log ic  parameters  o f  
t h e  a q u i f e r  and unsa tu ra t ed  zone, and v a r i a t i o n s  o f  n i t r a t e  con- 
c e n t r a t i o n  d i s t r i b u t i o n  i n  pumping supply w e l l s .  Complicated 
hydro log ic  and biochemical  p roces ses  i n  t h e  unsa tu ra t ed  zone a r e  
s i m p l i f i e d  and r ep re sen ted  by two b a s i c  parameters ,  t r a n s i t  t i m e  
from l and  s u r f a c e  t o  t h e  a q u i f e r  and n i t r o g e n  l o s s e s  i n  t h e  s o i l .  
In  do ing  s o ,  it was assumed t h a t  l i n e a r  r e l a t i o n s h i p s  e x i s t  be- 
tween t h e  amount o f  n i t r o g e n  r e l e a s e d  i n  t h e  s o i l  and t h e  amount 
reach ing  t h e  wate r  t a b l e .  The e f f e c t i v e  volume o f  groundwater i n  
t h e  mixing zone of  t h e  a q u i f e r ,  i n t e r p r e t e d  from c o n c e n t r a t i o n  
v a r i a t i o n s  o f  c h l o r i d e s ,  was used t o  determine o t h e r  parameters  
of t h e  n i t r o g e n  t e r r e s t r i a l  c y c l e .  F ive  p o t e n t i a l  n i t r o g e n  
sources  w e r e  cons idered  f o r  a  r eg ion  o f  roughly 100 km2, namely 
ino rgan ic  f e r t i l i z e r s ,  sewage, l i v e s t o c k  e x c r e t i o n s f s a n i t a r y  
l a n d f i l l s ,  and r a inwa te r .  

I n  o r d e r  t o  p r e d i c t  average n i t r a t e  c o n c e n t r a t i o n s  a s  a  
func t ion  o f  t i m e ,  t h e  u n c e r t a i n t i e s  i n  d e f i n i n g  t h e  p o l l u t i o n  
mechanism and d i f f i c u l t i e s  i n  c a l i b r a t i n g  t h e  model parameters  
w e r e  d e a l t  w i th .  A s  shown i n  F igure  12, a  p r o b a b i l i s t i c  expres-  
s i o n  was g iven  t o  t h e  u n c e r t a i n t i e s  by us ing  t h e  Monte Car lo  
technique f o r  determining the range o f  p r e d i c t e d  groundwater 
c o n c e n t r a t i o n s .  (According t o  Mercado, t h e  maximim permissab le  
concen t r a t i on  o f  n i t r a t e  i n  wate rs  was r a i s e d  t o  90 ppm i n  I s r a e l  
fo l lowing  r e c e n t  ep idmiolog ica l  research.)  Mercado examined t h i r -  
t e e n  management a l t e r n a t i v e s  f o r  p o l l u t i o n  c o n t r o l ,  i n c l u d i n g  
advanced t r e a t m e n t  o f  sewage wate r  p r i o r  t o  i t s  r echa rge  t o  t h e  
a q u i f e r ,  r educ t ion  o f  f e r t i l i z e r  dosage t o  c rops ,  and exchange 
o f  n i t r a t e  p o l l u t e d  groundwater by low-n i t r a t e  s u r f a c e  wa te r s .  
F igu re  1 3  provides  an overview on fou r  mixes of  a l t e r n a t i v e s  
compared t o  p r e d i c t i o n s  based on p r e s e n t  n i t r o g e n  l o a d s  and hy- 
d r o l o g i c  regime. A t  least  two i n t e r e s t i n g  management a s p e c t s  
have t o  be noted.  F i r s t ,  t h e r e  i s  aga in  a  c o n s i d e r a b l e  time 
l a g  o f  about  10 y e a r s  (F igure  l 3b )  i n  t h e  a q u i f e r  response  t o  
f e r t i l i z e r  r e d u c t i o n .  Second, a l t e r n a t i v e  14, which i s  obvious ly  
n o t  t h e  op t imal  a l t e r n a t i v e  wi th  r e s p e c t  t o  i t s  e f f e c t  on t h e  n i -  
t r a t e  c o n c e n t r a t i o n  development, ha s  been found by Mercado t o  be  
t h e  most s a t i s f y i n g  p r a c t i c a l  s o l u t i o n  t o  p o l l u t i o n  c o n t r o l .  By 
combining t h e  t h r e e  b a s i c  a l t e r n a t i v e s ,  such as f e r t i l i z e r  re- 
duc t ion ,  sewage t r ea tmen t ,  and groundwater exchange, it enab le s  
t h e  1975 n i t r a t e  concen t r a t i on  t o  be  v i r t u a l l y  f rozen .  The per- 
cen tage  of  d i sconnec ted  w e l l s  can be k e p t  as low as 10-20%. 
S ince  groundwater p o l l u t i o n  can obvious ly  be  decreased  by 
any of  t h e  t h r e e  b a s i c  c o n t r o l s ,  Mercado developed exchange re- 
l a t i o n s h i p s  which can even be used f o r  e v a l u a t i n g  economic cri- 
t e r i a  f o r  n i t r a t e  p o l l u t i o n  c o n t r o l .  The r e l a t i o n s h i p s  shown i n  
F igu re  14 c l e a r l y  i l l u s t r a t e  t h e  way i n  which t h e  p r e f e r r e d  com- 
b i n a t i o n  of  c o n t r o l s  was found through c o n s i d e r a t i o n  of t h e  f o l -  
lowing extreme cases (Mercado, 1976): 
r e j e c t i o n  by farmers  and m u n i c i p a l i t i e s  of  any 
a t t empt  t o  dec rease  t h e  n i t r o g e n  l o a d  would re- 
q u i r e  a  cont inuous  groundwater exchange o f  
33.3 106m3/~r ;  
cons idered  as t h e  on ly  p r o t e c t i v e  measure, f e r -  
t i l i z e r  doses  t o  c rops  would have t o  b e . r e d u c e d  t o  
t o  about  15% o f  t h e  p r e s e n t  l e v e l ;  
even t h e  most advanced sewage t r e a t m e n t  (&= 0)  
cannot ,  under any c i rcumstances ,  s e r v e  as t h e  
on ly  measure f o r  f r e e z i n g  e x i s t i n g  n i t r a t e  con- 
c e n t r a t i o n s .  
The op t imal  combination of  t h e s e  c o n t r o l  measures i s ,  of  cou r se ,  
subject t o  m u l t i c r i t e r i a  op t imiza t ion  which w a s  n o t  d e a l t  wi th  
o !  . , I 
am nro mo 2000 rn 20% 
Figure 1 2 .  Predicted average n i t r a t e  concent ra t ions  
a s  a  funct ion  of  time. (Source: Mercado, 
(Source: Mercado, 1976 . )  
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Nodeling N i t r a t e  P o l l u t i o n  i n  Water Resource Systems 
A s  a l r e a d y  d i scussed  i n  Sec t ion  I1 o f  t h i s  paper ,  n i t r a t e  
p o l l u t i o n  c o n t r o l  f o r  ensur ing  wate r  supply u s u a l l y  r e q u i r e s  j o i n t  
c o n s i d e r a t i o n  of a l l  wate r  supply and p o l l u t i o n  sou rces  o f  a  re- 
gion a s  w e l l  a s  t h e  i n t e g r a t i o n  of  wate r  supply and demand. A 
comprehensive example f o r  such a  s i t u a t i o n  i s  t h e  River  Thames 
b a s i n  which comprises some 13100 km* and suppor t s  a  popula t ion  i n  
excess  o f  11.8 m i l l i o n .  The average  d a i l y  q u a n t i t y  o f  water  sup- 
p l i e d  i s  3.5 x  106m3/day of  which a t  p r e s e n t  n e a r l y  60% i s  m e t  by 
s u r f a c e  water  a b s t r a c t i o n ,  t h e  remainder be ing  a b s t r a c t e d  from 
groundwater. The Thames Water Author i ty ,  r e s p o n s i b l e  f o r  wate r  
supply,  sewage d i s p o s a l ,  and r i v e r  management i n  t h e  whole b a s i n ,  
ha s  been pursuing a  three-phase  approach t o  t h e  n i t r a t e  p o l l u t i o n  
problem. The f i r s t  was t h e  i d e n t i f i c a t i o n  phase where t h e  magni- 
tude  and t iming  of t h e  problem was a s se s sed .  Now, a  methodology 
f o r  examining c o u n t e r a c t i v e  measures i s  under development. Based 
on t h i s ,  an  e f f e c t i v e  s o l u t i o n  h a s  t o  be  implemented i n  a  t h i r d  
phase (Sexton and Onstad, 1980; &ames Water Auth., 1980, personal c m . )  . 
I n  t h e  i d e n t i f i c a t i o n  phase, t h r e e  main sources  of  n i t r a t e  
i n  t h e  Thames were found t o  be  s i g n i f i c a n t :  sewage e f f l u e n t s ,  
groundwater, and s u r f a c e  r u n o f f .  Omit t ing e f f l u e n t s ,  t h e  con- 
c e n t r a t i o n s  of  which remain r e l a t i v e l y  c o n s t a n t  from y e a r  t o  
y e a r ,  t h e  n i t r a t e  c o n t e n t  o f  t h e  Thames is t h e  d i r e c t  consequence 
of t h e  a g r i c u l t u r a l  a c t i v i t i e s  i n  t h e  r i v e r  b a s i n .  Hence, Onstad 
and S lake  (1979) developed a  t r a n s f e r  func t ion  model f o r  d e s c r i b i n g  
t h e  r e l a t i o n  between h i s t o r i c a l ,  a g r i c u l t u r a l ,  and r i v e r  t r e n d s ,  
and f o r  p r e d i c t i n g  t h e  expected f u t u r e  r i v e r  n i t r a t e  concentra-  
t i o n s .  
While t h e  o u t p u t  s e r i e s  was t h e  mean annual  f low weighted 
r i v e r  n i t r a t e  concen t r a t i on ,  t h e  i n p u t  s e r i e s  was de r ived  us ing  
h i s t o r i c a l  a g r i c u l t u r a l  d a t a  on l a n d  use ,  i no rgan ic  f e r t i l i z e r  
use ,  animal p roduc t ion ,  and c rop  y i e l d s .  Th i s  i n p u t  series, rep- 
r e s e n t i n g  t h e  t o t a l  amount of  n i t r a t e  a v a i l a b l e  f o r  t r a n s p o r t  t o  
t h e  Thames, is  t h e  product  o f  t h e  r a t e  pe r  u n i t  a r e a  o f  n i t r a t e  
a v a i l i 5 i l i t y  and t h e  t o t a l  a r e a  ove r  which t h e  r a t e  a p p l i e s .  
Although it i s  important  t o  cons ide r  hydro log ica l  f a c t o r s ,  t hey  
were omi t ted  because of  t h e  d i f f i c u l t y  of  i nc lud ing  them i n  t h e  
model concept  based on an annual  t ime s t e p .  
Box's and J e n k i n s '  (9970) technique  was used t o  deve lop  a  
t r a n s f e r  f u n c t i o n  r e l a t i n g  t h e  i n p u t  and o u t p u t  s e r i e s .  The 
model b u i l t  has  two moving average  terms and one a u t o r e g r e s s i v e  
term. The f i r s t  two terms r e p r e s e n t  t h e  quick r e a c t i o n  o f  l and  
runof f ,  over land  flow, and sha l low subsu r face  d ra inage  t o  i n p u t  
v a r i a t i o n ,  a s  w e l l  a s  t h e  delayed response o f  t h e  u n s a t u r a t e d  
and s a t u r a t e d  zones of  t h e  a q u i f e r s .  The a u t o r e g r e s s i v e  term 
cons ide r s  t h e  i n t e g r a t i n g  e f f e c t s  on t h e  o u t p u t s  a t  a  l a r g e ,  
complex catchment.  These e f f e c t s  a r e  caused by d i s p e r s i o n  o r  
d i f f u s i o n  phenomena o f  t h e  s o i l  and t h e  a q u i f e r s  a s  w e l l  a s  be ing  
due t o  mixing which occu r s  a s  s u r f a c e  water  channe ls  i n t e r c e p t  
the a q u i f e r s  a t  v a r i o u s  l o c a t i o n s  and a t  d i f f e r e n t  dep ths .  S ince  
t h e  c o e f f i c i e n t  o f  de t e rmina t ion  and t h e  s t anda rd  e r r o r  f o r  t h e  
model w e r e  78 pe rcen t  and 0.63 mg N / 1  r e s p e c t i v e l y ,  t h e  model was 
considered adequate  f o r  r e l a t i n g  t h e  i n p u t  and o u t p u t  series f o r  
planning purposes.  N i t r a t e  t r e n d s  i n  t h e  Thames w e r e  f o r e c a s t e d  
by e x t r a p o l a t i n g  t h e  i n p u t  series, such a s  t h e  n i t r o g e n  r a t e  p e r  
u n i t  a r e a  and t h e  c rop  a r e a  i t s e l f .  To e x t r a p o l a t e  t h e s e  series, 
s e v e r a l  v a r i a b l e s  a f f e c t i n g  food demand and supply t o  t h e  y e a r  
2000 w e r e  t aken  i n t o  account.  These v a r i a b l e s  were popu la t ion  
growth, l e v e l  of  n a t i o n a l  s e l f  s u f f i c i e n c y ,  growth o f  r e a l  d i s -  
posable  income and annual  a g r i c u l t u r a l  p roduc t ion  growth rate.  
Afterwards,  t h e  model was run f o r  a v a r i e t y  of  p r o j e c t e d  c r o p  
a r e a s  t o  o b t a i n  mean annual  n i t r a t e  c o n c e n t r a t i o n s  i n  t h e  Thames 
up t o  t h e  y e a r  2000. For example, F igure  15  shows t h e  r e s u l t i n g  
curves  f o r  t h e  1 .5  pe rcen t  growth r a t e .  
Af t e r  having e s t a b l i s h e d  t h a t  t h e  Thames Water Au tho r i t y  i s  
l i k e l y  t o  have a  s e r i o u s  n i t r a t e  problem w i t h i n  t h e  nex t  20 y e a r s ,  
t h e  agency is  proceeding wi th  a  s imu la t ion  a p p r o a c h t o  produce a  
r e g i o n a l  n i t r a t e  model compat ible  w i th  t h e  wa te r  r e sou rce  model 
a l r e a d y  i n  e x i s t e n c e  (Thames Water Au tho r i t y ,  1980) .  The model 
is  considered a  t o o l  f o r  t h e  i n v e s t i g a t i o n  and e v a l u a t i o n  o f  al- 
t e r n a t i v e  s t r a t e g i e s  f o r  managing n i t r a t e  p o l l u t i o n  i n  t h e  main 
r i v e r s  and r e s e r v o i r s  o f  t h e  Thames b a s i n ,  t a k i n g  i n t o  account  
a  range of  n i t r o g e n  i n p u t s  from a g r i c u l t u r a l  a c t i v i t i e s .  To com- 
pu te  economically,  t h e  model is  d iv ided  i n t o  two submodels as 
shown i n  F igure  16. 
Submodel A, r e p r e s e n t i n g  t h e  r e g i o n a l  hyd ro log ica l  system 
on a  subcatchment b a s i s ,  w i l l  r e c e i v e  a l l  i n p u t s  of  n i t r o g e n  t o  
t h a t  system and corresponding components of f low from t h e  water  
r e sou rce  model (WRM). I t  w i l l  d e l i v e r a s  o u t p u t  t h e  t o t a l  d a i l y  
f lows and c o n c e n t r a t i o n s  of  a l l  main in f lows  t o  a l l  Thames and 
Lea reaches .  Besides  t h e  o u t p u t s  of  submodel A, submodel B w i l l  
r e c e i v e  a s  i n p u t s  demands on t h e  r i v e r  and r e s e r v o i r  system ac- 
cord ing  t o  t h e  wate r  r e sou rce  model. I t  w i l l  o u t p u t  t h e  n i t r a t e  
concen t r a t i ons  o f  a l l  wate r  supp l i ed  under a  p a r t i c u l a r  manage- 
ment s t r a t e g y .  Each submodel c o n s i s t s  o f  s e v e r a l  component mod- 
els and a  s y n t h e s i s  s e c t i o n ,  model l ing t h e i r  combined o u t p u t .  
Data and i n t e r f a c e  requirements  f o r  each component and submodel 
a r e  i n d i c a t e d  i n  t h e  s t r u c t u r e  diagram shown i n  F igu re  16.. 
I n  apply ing  t h e  model, each submodel w i l l  be  run  under a 
range of  c o n d i t i o n s .  Combining t h e i r  o u t p u t s  w i l l  provide  a 
s tepwise  s imu la t ion  of  t h e  r e g i o n a l  system. F i n a l l y ,  c o n t r o l  
a l t e r n a t i v e s  aimed a t  a  r educ t ion  of  n i t r a t e  l e v e l s  can  be  in-  
c luded t o  test  t h e i r  d e n i t r i f i c a t i o n  c a p a b i l i t i e s .  
Even when i n c o r p o r a t i n g  management a l t e r n a t i v e s  i n t o  mathe- 
ma t i ca l  models l i k e  t h o s e  developed by Mercado (1976) o r  t h e  
Thames Water Au tho r i t y  (1980) ,  n i t r a t e  p o l l u t i o n  c o n t r o l  i s  s t i l l  
d e a l t  wi th  on a  l e v e l  o f  phys i ca l  modeling which l a r g e l y  c o n t r i -  
bu t e s  t o  wate r  q u a l i t y  impact a n a l y s i s .  Reca l l i ng  t h e  o u t l i n e  of 
t h e  gene ra l  c o n t r o l  system i n  Sec t ion  11, t h e  need remains f o r  
cons ide r ing  t h e  c o n t r o l  problem i n  a  broader  c o n t e x t  o f  d e c i s i o n  
making, which would l i n k  t h e  a g r i c u l t u r a l  p roduc t ion  s e c t o r  wi th  
t h e  p u b l i c  s e c t o r  i n  d e c i s i o n s  regard ing  l a n d  use  and water  supply  

Figure 16a. A regional nitrates model. 
Source: Thames Water Authority, 1980. 
Figure  16b. A r e g i o n a l  n i t r a t e s  model. 
Source: Thames Water Au tho r i t y ,  1 9 8 0 .  
development. Mathematical methods capable  o f  i n t e g r a t i n g  phys i ca l  
and economic a n a l y s i s  o f  nonpoint  n i t r a t e  p o l l u t i o n  c o n t r o l  are 
needed. 
I n t e g r a t e d  Physical-Economic Analys i s  
of  Management A l t e r n a t i v e s  
S o c i a l  b e n e f i t s  can on ly  be  gained from t h e  o v e r a l l  c o n t r o l  
system o u t l i n e d  i n  F igure  3 i f  t h e  b e n e f i t s  r ece ived  from in ten-  
s i f i e d  a g r i c u l t u r a l  p roduc t ion  outweigh t h e  a d d i t i o n a l  c o s t s  of  
municipal  water supply.  This  s t a t emen t  s u g g e s t s t h e  need f o r  iden- 
t i f y i n g  t h e  in terdependence between t h e  economic and phys i ca l  
systems so  t h a t  t h e  e f f e c t  o f  p u b l i c  po l i cy  d e c i s i o n s  on n a t u r a l  
resource u se  and environmental  q u a l i t y  can  be  determined.  From 
t h e  viewpoint  o f  r e sou rce  economy and planning,  it can b e  s a i d  
t h a t  water  p o l l u t i o n  c o n t r o l  must be coord ina ted  wi th  wate r  re- 
sou rce  development and land  u s e  p lanning  t o  ach ieve  a better a l l o -  
c a t i o n  of  t h e  n a t u r a l  r e sou rces .  With r e s p e c t  t o  t h i s  paper ,  
Horner and Dudek (1979) r e p o r t e d  on a s tudy  d e a l i n g  wi th  such a 
complex s e t t i n g  of  a g r i c u l t u r a l  nonpoint  p o l l u t i o n  c o n t r o l .  
The s tudy  beg ins  wi th  t h e  requirements  of t h e  U.S. Federa l  
Water P o l l u t i o n  Cont ro l  Act Amendments o f  1972 (P.L. 92-500), 
e s p e c i a l l y  t h e  p lanning  requirements  of  Sec t ion  208. These 
encompass t h e  i d e n t i f i c a t i o n  o f  a g r i c u l t u r a l l y  r e l a t e d  nonpoint  
sources  of  p o l l u t i o n  and t h e  s p e c i f i c a t i o n  o f  procedures  and 
methods f o r  f e a s i b l e  c o n t r o l  o f  such sources .  Such c o n t r o l  pro- 
cedures  a r e  termed "Best  Management P r a c t i c e s "  (BMP) t o  c o n t r a s t  
them wi th  t h e  t r a d i t i o n a l  conse rva t ion  and produc t ion  p r a c t i c e s  
i n  a g r i c u l t u r e .  A t r a d i t i o n a l  p r a c t i c e  can become a " B e s t  Manage- 
ment P rac t i ce1 '  i f  c e r t a i n  c r i t e r i a  a r e  f u l f i l l e d .  For example, 
Bower e t  a l .  (1977) sugges ted  t h e  fo l lowing  c r i t e r i a  f o r  evalua- 
t i n g  a l t e r n a t i v e  environmental  management s t r a t e g i e s :  
environmental  o r  p h y s i c a l  e f f e c t s ,  
0 economic e f f e c t s ,  
e i n s t i t u t i o n a l  e f f e c t s .  
I t  i s  obvious t h a t  t h e  u l t i m a t e  c r i t e r i a  is  t h e  deg ree  t o  which 
a management s t r a t e g y  can improve t h e  q u a l i t y  o f  r e sou rces .  On 
t h e  o t h e r  hand, a s  shown throughout  t h i s  paper,  t h e  r e l a t i o n s h i p  
between changes i n  a g r i c u l t u r a l  f e r t i l i z a t i o n  p r a c t i c e s  and water  
q u a l i t y  i s  very hard t o  measure f o r  a broad set of  p h y s i c a l  con- 
d i t i o n s .  Determining t h e  environmental  e f f e c t i v e n e s s  o f  BMPs 
t h e r e f o r e  r e q u i r e s  c o n s i d e r a t i o n  of  t h i s  u n c e r t a i n t y .  
Economic e f f e c t s  can b e  ca t ego r i zed  i n t o  d i r e c t  and i n d i r e c t  
ones.  D i r e c t  b e n e f i t s  from improved wate r  q u a l i t y  can  b e  measured 
by reduced o r  avoided water  t r e a t m e n t  c o s t s ,  reduced medical  c o s t s  
e t c .  D i r e c t  costs ,which can even i n c l u d e  reduced a g r i c u l t u r a l  
product ion,  a r e  t h o s e  i ncu r r ed  by farmers  a s  a r e s u l t  of  po l lu -  
t i o n  c o n t r o l .  Other d i r e c t  c o s t s  i nc lude  t h e  c o s t  t o  municipal  
wate r  supply agenc ies  of  p rov id ing  wate r  t r ea tmen t  f a c i l i t i e s .  
I t  should,  however, be  noted t h a t  i n d i r e c t  e f f e c t s ,  r e s u l t i n g  
from t h e  s e n s i t i v i t y  of  t h e  h igh ly  in t radependent  n a t i o n a l  econo- 
my t o  produc t ion  changes, can exceed d i r e c t  c o s t s  and b e n e f i t s  
t o  a  s i n g l e  producer .  General ly ,  t h e  d i s t r i b u t i o n  o f  b e n e f i t s  
and c o s t s  is accepted a s  t h e  most important  e f f e c t  o f  p o l l u t i o n  
c o n t r o l .  
Other important  e f f e c t s  r e l a t i n g  t o  t h e  i n s t i t u t i o n a l  a s p e c t s  
of  implementing c o n t r o l  s t r a t e g i e s  which, a s  shown i n  t h e  d i scus -  
s i o n  on moni tor ing,  u s u a l l y  r e q u i r e  a d d i t i o n a l  account ing ,  moni- 
t o r i n g ,  r e p o r t i n g ,  s u p e r v i s i o n ,  enforcement,  and management. 
Moreover, t o  be e f f e c t i v e ,  a  c o n t r o l  s t r a t e g y  must be  f l e x i b l e  
enough t o  a d j u s t  t o  changing economic and phys i ca l  c o n d i t i o n s .  
Another f e a t u r e  o f  BMPs is  t h a t  t hey  are s u b j e c t  t o  competing 
i n t e r e s t s  i n  t h e  approval  p rocess .  S ince  each i n t e r e s t  group 
w i l l  c e r t a i n l y  weigh t h e  e f f e c t s  o f  each BMP on t h e  g o a l s  o f  
t h a t  group, compromise BMPs w i l l  probably r e s u l t  from t h e  de- 
c i s i o n  making process .  
To c o n t r i b u t e  t o  t h e  d e c i s i o n  making process ,  Horner and 
Dudek ( 4 9 7 9 )  developed a model f o r  op t imal  n a t u r a l  r e sou rce  
a l l o c a t i o n  i n  i r r i g a t e d  a g r i c u l t u r e  which accounts  f o r  nonpoint  
n i t r a t e  p o l l u t i o n .  Concerning land  and wate r  r e sou rce  problems, 
t h e  model is based on t h e  economic theo ry  of  e x h a u s t i b l e  re- 
sou rces ,  whi le  t h e  p h y s i c a l  p rocesses  a r e  r ep re sen ted  as con- 
j u n c t i v e  management problems. The t h e o r e t i c a l  model framework 
is  conceptua l ized  a s  a  dynamic op t imiza t ion  problem i n  op t imal  
c o n t r o l .  S ince  d a t a  requi rements  prevented t h e  p r a c t i c a l  u se  o f  
such an a n a l y t i c a l  system, s t a t i c  models wi th  a p p r o p r i a t e  sequen- 
t i a l  and r e c u r s i v e  t echn iques  w e r e  included i n  t h e  methodology. 
The f o u r  b a s i c  economic concepts  cons idered  by t h e  model a r e  
c o m o d i t y  demand, commodity supply ,  r e sou rces  demand, and re- 
sou rce  supply.  These concepts  have been i d e n t i f i e d  as flows o f  
in format ion  between d i f f e r e n t  components of  t h e  a n a l y t i c a l  sys-  
t e m ,  c o n s i s t i n g  o f  a  l and  use  and a  wate r  q u a l i t y  model (F ig .  1 7 ) .  
Water q u a l i t y  management a l t e r n a t i v e s  can be s imula ted  t o  determine 
t h e i r  environmental  and economic e f f e c t s .  
Tne land  use  model has t h r e e  component models--a p r o j e c t i o n s  
model, a r e g i o n a l  l i n e a r  programming model, and a  l i n e a r  q u a d r a t i c  
c o n t r o l  model. This  s t r u c t u r e  r e p r e s e n t s  t h e  a u t h o r s '  assumption 
o f  a b i l e v e l  d e c i s i o n  making process .  A g r i c u l t u r a l  f i r m s  a r e  pre- 
sumed t o  op t imize  l and  use ,  g iven  t h e i r  r e sou rces  and t h e  p o l i c y  
v a r i a b l e s  d i c t a t e d  by t h e  p r o j e c t i o n s  model. On t h e  o t h e r  hand, 
t h e  r e g i o n a l  model presumes some r a t i o n a l  c e n t r a l  r e sou rce  a l l o -  
c a t i o n  p lanning  from a  s o c i a l  w e l f a r e  p o i n t  of view. Hence, 
agg rega t e  f i r m  behavior  i s  s imu la t ed  by t h e  r e g i o n a l  l i n e a r  pro- 
g r a m i n g  mode1,while t h e  l i n e a r  q u a d r a t i c  c o n t r o l  model s imu la t e s  
t h e  c e n t r a l  p lanning a u t h o r i t y .  
The wate r  q u a l i t y  submodel u t i l i z e s  r e sou rce  use-s tocks  and 
c o m o d i t y  p r i c e s  a s  i n p u t s  from t h e  land  use  submodel. Within 
t h e  submodel i t s e l f ,  two l o c a t i o n  s p e c i f i c  l i n e a r  programming 
models a r e  used t o  d e r i v e  an op t imal  cropping p a t t e r n ,  s e l e c t  
wate r  a p p l i c a t i o n  t echno log ie s ,  s p e c i f y  wate r  and f e r t i l i z e r  use ,  
arid p r e d i c t  t h e  r e s u l t i n g  s u r f a c e  runof f  f o r  t h e  b a s i n .  The re-  
s u l t i n g  product ion p a t t e r n s  s e r v e  a s  i n p u t  t o  t h e  phys i ca l  model 
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F i g u r e  1 7 .  I n t e g r a t e d  l a n d  u s e ,  w a t e r  r e s o u r c e  and w a t e r  q u a l i t y  a n a l y t i c a l  s y s t e m .  
(Source:  Horner and Dudek, 1979 .  ) 
which h a s  t h r e e  i n t e r d e p e n d e n t  submodels t o  a n a l y z e  t h e  hydrology,  
s a l i n i t y  b a l a n c e s ,  and n i t r o g e n  c o n c e n t r a t i o n s  i n  t h e  b a s i n .  For 
example, t h e  n i t r o g e n  submodel i s  based on a  s t e a d y  s t a t e  mass 
ba l a n c e  model. The concep t  o f  t h i s  model which n e g l e c t s  complex 
s o i l - n i t r o g e n  r e a c t i o n s ,  i s  based on t h e  long-run e f f e c t s  o f  
p l a n t  e f f i c i e n c y  i n  u t i l i z i n g  t h e  n u t r i e n t .  
The a n a l y t i c a l  model sys tem d i s c u s s e d  above can  be  cons ide r ed  
a u s e f u l  t o o l  t o  e v a l u a t e  nonpoin t  wa t e r  p o l l u t i o n  c o n t r o l  a l t e r -  
n a t i v e s  i n  terns o f  t h e i r  env i ronmenta l  and economic e f f e c t s .  
S i n c e  t h e  scope  o f  a n a l y s i s  i s  n o t  r e s t r i c t e d  t o  t h e  farm l e v e l ,  
b u t  is  concerned w i t h  t h e  a g r i c u l t u r a l  economy o f  r i v e r  b a s i n s ,  
t h e  problem i s  d e a l t  w i t h  a t  t h e  l e v e l  where p o l i c i e s  a r e  imple- 
mented. To d a t e ,  t h e  a n a l y t i c a l  sys tems developed by Horner and 
Dudek (1979) a r e  impor t an t  means f o r  deve lop ing  and e v a l u a t i n g  
i n t e g r a t e d  r e s o u r c e  u s e  and environmenta l  p l a n s .  Broad p r a c t i c a l  
a p p l i c a t i o n  o f  such a n a l y t i c a l  t o o l s  i s  c l e a r l y  needed because  
t h e  f o l l o w i n g  c r i t i c a l  c o n c l u s i o n  o f  t h e  U.S. Genera l  Accounting 
O f f i c e  i n  1978 appea r s  t y p i c a l  f o r  o t h e r  c o u n t r i e s  t h a n  t h e  
Uni ted  S t a t e s :  
P l a n n ing  is  n o t  be ing  done comprehensively  under  
S e c t i o n  208 o f  P u b l i c  Law 92-500 a s  env i s i oned  by 
t h e  Congress .  Water q u a l i t y  management p l ann ing  needs  
t o  be comprehensive i f  t h e  n a t i o n ' s  w a t e r  q u a l i t y  prob- 
l e m s  a r e  t o  be  so lved  i n  t h e  most c o s t - e f f e c t i v e  manner. 
It  h a s  been proved t h a t  f o r  many r e g i o n s ,  p a r t i c u l a r l y  i n  
developed c o u n t r i e s ,  w a t e r  supp ly  and management is i n c r e a s i n g l y  
c o n s t r a i n e d  by n i t r a t e  p o l l u t i o n  o f  wa te r  r e s o u r c e s .  T h i s  is 
because  o f  t h e  p u b l i c  h e a l t h  haza rd  due t o  t h e  t o x i c  e f f e c t s  o f  
n i t r a t e s  i n  d r i n k i n g  w a t e r .  For  example, methemoglobinemia i n  
i n f a n t s  l e d  t h e  World Hea l t h  Organ i za t i on  t o  se t  n i t r a t e  l i m i t s  
i n  d r i n k i n g  water s t a n d a r d s .  The p r e s e n t  s i t u a t i o n ,  a t  l e a s t  i n  
developfi comtries, is such that this q q t a m  is rarely found. On t h e  
o t h e r  hand,  n i t r a t e s  me t abo l i z e  i n t o  n i t r o s a m i n e s  which a r e  po- 
t e n t i a l l y  c a r c i n o g e n i c ,  t e r a t o g e n i c ,  and mutagenic.  However, 
because  no f i n a l  ev idence  i s  a v a i l a b l e  t o  prove t h e s e  e f f e c t s ,  
it is sometimes argued t h a t  t h e  p r e s e n t  s t a n d a r d  l i m i t s  are over-  
s a f e .  N e ve r the l e s s ,  s i n c e  t h e s e  arguments a l s o  l a c k  c o n c l u s i v e  
p ro o f ,  t h e r e  is v i r t u a l l y  no r e a s o n - t o  b e l i e v e  t h a t  any change o f  
t h e  s t a n d a r d  l i m i t s  w i l l  o c c u r .  Desp i t e  t h e  c o n f l i c t s ,  it s t i l l  
seercis n e c e s sa ry  t o  e s t a b l i s h  c o n s i s t e n t  c r i t e r i a  f o r  s a f e  ( low 
risk) l i m i t s  o f  n i t r a t e  c o n c e n t r a t i o n  i n  d r i n k i n g  w a t e r .  More 
t o x i c o Po g ica1  and/or  ep idemio log i ca l  s t u d i e s  a r e  needed t o  d i s p e l  
u n c e r t a i n t i e s  by accoun t i ng  f o r  such f a c t o r s  a s  s i z e  and s u s c e p t i -  
b i l i t y  o f  p o p u l a t i o n  exposed,  nurnber o f  w a t e r  sys tems i nvo lved ,  
r e l a t i v e  dose  i n  wa t e r  compared w i t h  t o t a l  burden,  p o s i t i v e  re- 
sponse  o f  n i t r a t e  i n  c a r c i n o g e n i c ,  t e r a t o g e n i c ,  and mutagenic  
tests etc .  
There is a tremendous variety of nitrogen sources in the 
environment contributing to water pollution. However, among 
the major sources of nitrogen to water supplies, chemical ferti- 
lizers are the dominant cause of the recent rapid increase in 
nitrate concentrations in water resources. Fertilizer nitrate 
pollution is a typical case of nonpoint source water pollution. 
In the past, point source pollution of industrial and municipal 
origin received most attention in water management. While con- 
trol of this kind of pollution is generally characterized by 
known cost and has already demonstrated its effectiveness, this 
does not bold true to the same extent for the management of agri- 
cultural nonpoint source pollution. Due to the many variables 
involved in this process, it is not a straightforward problem 
to solve, especially because developing recommendations .for 
management, including cost estimates, is not an easy one. 
When applying fertilizers to crops, an initial part of the 
application contributes to a considerable increase in yield, 
generally several tens of percent in comparison with unfertilized 
crops. Beyond a certain value, however, the increments in yield 
grow smaller and smaller until there is no further increase in 
yield despite the increasing application of fertilizer. Accord- 
ingly, the excess amount of fertilizer is not utilized by plants 
and will eventually, possibly in modified form, pass to surface 
and groundwaters. There is no question of the necessity for 
increasingly intensified agricultural production, because both 
water and food are indispensible to human life. Agricultural 
management policies based on intensive use of land, water, and 
chemicals have greatly increased the efficiency of food production. 
On the other hand, the present technologies are inefficient in 
utilizing agricultural resources, such as chemical fertilizers, 
because they result in environmental pollution hazardous to human 
health and natural ecosystems. Hence, the question remains: how 
can agricultural production systems be managed such that negative 
side effects are avoided or at least minimized? 
To answer the question of how water supply and management 
are influenced by increasing nitrate concentrations in water 
resources and how a safe drinking water supply can be ensured, 
requires coordinating goals of the agricultural production sector 
with public decisions regarding land use and water supply develop- 
ment, and the surface water and groundwater systems. Therefore, 
water pollution control management must be based on an effective 
planning procedure. Water quality monitoring, water quality im- 
pact modeling, and joint physical-economic modeling of management 
alternatives should form an integrated system of analysis. In 
order that strategic planning decisions for pollution control are 
taken in time, the analysis must meet the following information 
requirements: 
e identification of the relative importance !of 
nitrogen sources and those supply sources most 
at risk from nitrate pollution, 
0 predictions of likely future levels of nitrate 
concentration in supply sources, 
identification of implications to water supply 
development plans through assessment of the 
physical and economic effects of the chosen 
management alternatives. 
The tools applied in the analytical process must be capable of 
matching both the ability of data to yield information with con- 
fidence and matching the expectations of the decision makers. 
Water management objectives are generally achieved through 
an integrated implementation of technological, institutional, 
and economic measures. Depending on the system to which they 
refer, two general alternatives for water supply pollution con- 
trol can be distinguished: 1 )  controlling potential pollution 
sources, 2) treating polluted water and taking special measures 
to ensure water supply. Nonpoint nitrate pollution control mea- 
sures used in the agricultural sector to manage fertilizer appli- 
cation, animal waste disposal, runoff, erosion, and leaching are 
generally preferred to the elimination of nitrates by water puri- 
fication. This is because there is a high probability of having 
to treat toxic chemicals other than nitrate, and the cost and 
risk of technology depend on the actual pollution source (sewage, 
slurry, fertilizers). Treatment should therefore only be con- 
sidered after having proved that nontreatment is insufficient 
or too slow in being effective. 
Such an approach appears closer to the meaning of the term 
"pollution control" which is often understood as preventing, or 
at least minimizing water pollution. -ever, in reality, due to the 
advanced state of water pollution, one has to consider problem facing municipdl 
water supply in the short run, for exaqle, the need for alternative supply 
sources, new water treatment ttechnology, or special supply masures. On the 
other hand, the preventive feature of the term "control" also cwnprehends the 
mutual intaest of the water supply industry and agriculture in nitrate pollution 
control. The amount of nitrogen which pollutes water resources 
constitutes waste of a valuable production resource which must 
be overcome by better management practices in agriculture. 
Consequently, the most effective management of nonpoint ni- 
trate pollution results from control of fertilizer application, 
irrigation, and other agricultural practices including proper 
Pznd use management. The development and application,of new 
kinds of fertilizers and inhibitors for controlling fertilizer 
release or transformation also must be considered. In addition 
to the measures discussed so far, other institutional, legal, 
and economic actions for implementing management alternatives 
have to be considered. Special attention should be given to the 
fact that practical implementation of pollution control strategies 
strongly depends on the existence of regional authorities and 
their capabilities. 
The management policies pursued by such authorities must 
recognize that water purification technologies for nitrate elim- 
ination cause a tremendous increase in expenditures to the water 
industry. Even when neglecting the long-term requirements of 
water supply protection, short-term social benefits can only be 
rece ived  through t h e  o v e r a l l  c o n t r o l  system when t h e  b e n e f i t s  
gained from a g r i c u l t u r a l  p roduc t ion  outweigh t h e  a d d i t i o n a l  
c o s t s  of municipal  w a t e r  supply.  Moreover, when d e a l i n g  wi th  
nonpoint  sou rce  p o l l u t i o n  c o n t r o l ,  it is  important  f o r  r e s e a r c h e r s ,  
p r a c t i t i o n e r s ,  and p o l i c y  makers t o  r e a l i z e  t h a t  on ly  a  beginning 
has  been made. While t h e  c o n t r o l  o f  p o i n t  source  d i s c h a r g e s  of  
wastewaters is based on ove r  a  hundred y e a r s  of  r e s e a r c h  and test- 
ing ,  cont inued i n v e s t i g a t i o n s  i n t o  nonpoint  sou rce  c o n t r o l  a r e  
necessary t o  e s t a b l i s h  a comparable l e v e l  o f  technology.  
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